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FOREWORD 


This  report  was  prepared  by  Republic  Aviation  Division  of  Fairchild  Hiller 
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opment.  "  Administration  was  under  the  Materials  Applications  Division,  Air 
Force  Materials  Laboratory,  Research  and  Technology  Division,  Air  Force 
Systems  Command,  Wright-Patterson  Air  Force  Base,  Ohio,  with  Mr.  P.  A. 
House  acting  as  Project  Engineer. 

This  work  was  supported  by  the  Director's  Discretionary  Fund. 

The  report  covers  work  conducted  during  the  period  of  July  1964  to  March 
1966.  The  manuscript  was  released  by  the  author  1  March  1966  for  publication 
as  an  AFML  Technical  Report. 

The  program  was  conducted  with  Mr.  P.  Nenninger  as  principal  investiga¬ 
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elastomeric  compounding  efforts  in  the  program  were  subcontracted  to  Reliable 
Rubber  Products  Company,  Eddington,  Bucks  County,  Pennsylvania,  and  were 
under  the  direction  of  Mr.  J.  B.  Johnson. 

This  technical  report  has  been  reviewed  and  is  approved. 

ALBERT  OLEVITCH,  Chief 
Materials  Engineering  Branch 
Materials  Applications  Division 
Air  Force  Materials  Laboratory 
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ABSTRACT 


This  Summary  Technical  Report  describes  the  program  for  the  development 
of  a  long  life  O-ring  compound  for  use  in  aircraft  hydraulic  systems  using  MIL-H- 
5606  fluids  at  pressures  up  to  3000  psi  and  temperatures  ranging  from  -65°F  to 
+275°F.  Compounding  and  blending  efforts  conducted  during  the  program  explored 
fluoroelastomers,  polyacrylates ,  butadiene-acrylonitrile  copolymers,  epichloro- 
hydrin  elastomers,  propylene-oxide  rubber,  polyurethane  elastomers,  chloro- 
sulfonated  polyethylenes ,  silicones,  and  others.  Static  and  dynamic  O-ring  evalua¬ 
tions  conducted  on  MIL-P-257  32  buna  N  compounds  confirmed  contentions  that  this 
compound  has  limited  heat  resistance  at  275°F,  especially  when  it  experiences 
some  exposure  to  air.  The  same  tests  conducted  on  MIL-R-25897  fluoroelastomer 
compounds  have  shown  that  they  have  poor  compression  set  characteristics,  low 
temperature  limitations,  and  poor  extrusion  resistance.  Two  compounds  developed 
during  the  program  exhibited  performance  superior  to  the  aforementioned  Military 
Specification  compounds  when  evaluated  in  static  and  dynamic  O-ring  tests.  The 
first  of  these  compounds  utilized  Hydrin  200,  a  copolymer  of  epichlorohydrin 
with  ethylene  oxide  produced  by  the  B.  F.  Goodrich  Company;  the  other  was  an 
ECD-487  (E.  I.  Du  Pont  de  Nemours  low  temperature  Viton)  compound.  Perform¬ 
ance  evaluations  of  the  epichlorohydrin  O- rings  indicated  that  an  increase  in  service 
life  of  50  to  100%  can  be  expected  over  buna  N  compounds  under  static  and  dynamic 
conditions  when  completely  immersed  in  hydraulic  fluid.  In  addition,  100  to  200% 
increase  in  service  life  can  be  expected  when  the  seals  are  partially  exposed  to 
air.  There  is  no  increase  in  life  for  the  ECD-487  over  buna  N  when  completely 
immersed  in  hydraulic  fluid,  but  there  is  an  increase  of  150  to  300%  when  partially 
exposed  to  air.  Of  the  two,  the  Hydrin  formulation  is  preferred  since  it  survived 
the  most  hours  of  O-ring  testing  in  three  of  the  four  tests  conducted.  In  addition,  it 
may  be  easily  processed  and  is  moderately  priced.  It  is  anticipated  that  this  copoly¬ 
mer  will  be  available  in  production  quantities  in  the  future. 
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POLYMER  MANUFACTURERS  AND  THEIR  PRODUCTS 


A  vast  number  of  experimental  and  production  polymers  were  used  in  the  com¬ 
pounds  developed  for  this  program.  Appreciation  is  expressed  herein  to  the  polymer 
manufacturers  for  their  cooperation,  and  for  the  technical  advice  they  gave  concerning 
the  use  of  their  polymers.  Because  these  polymers  are  frequently  refered  to  through¬ 
out  the  text  and  in  the  recipe  tables,  a  list  of  manufacturers  and  their  polymers  is  pro¬ 
vided  for  the  convenience  of  the  reader. 


_ Manufacturer _ 

American  Cyanamid  Co. 

Dow  Corning  Corp. 

E.I.  Du  Pont  de  Nemours  and  Co. ,  Inc. 

Enjay  Chemical  Co.,  Div.  of 
Humble  Oil  and  Refining  Co. 

General  Electric  Co. 

General  Tire  and  Rubber  Co. 

B.F.  Goodrich  Chemical  Co.  Div.  of 
B.  F.  Goodrich  Co. 

Goodyear  Tire  and  Rubber  Co. 

Minnesota  Mining  and  Manufacturing  Co. 

Naugatuck  Chemical 
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SECTION  I 
INTRODUCTION 


Existing  MS-28775  O- rings  have  a  limited  life  at  their  upper  temperature 
limit.  At  275° F,  compression  set  and  hardening  occur.  When  these  conditions 
are  coupled  with  material  shrinkage  at  low  temperature,  excessive  seal  leakage 
frequently  results.  This  problem  can  best  be  minimized  by  the  development  of 
an  improved  O-ring  compound  that  is  (1)  capable  of  longer  life  at  275°F,  (2)  still 
retains  good  low  temperature  properties  and  (3)  is  abrasion  and  extrusion  resist¬ 
ant.  It  was  the  purpose  of  this  program  to  develop  such  a  compound. 

In  order  to  achieve  this  objective,  the  program  approach  stressed  the  follow¬ 
ing  research  undertakings: 

•  Compounding  of  fluoroelas  tom  eric  materials,  with  special  emphasis 
on  improved  fillers  and  plasticizers  and  new  polymers  such  as 
ECD-487  (E.I.  DuPont  de  Nemours  low  temperature  Viton)  and 
others. 

•  Compounding  of  polyacrylate  materials  to  explore  new  polymers 
being  developed. 

•  Compounding  of  polyurethane  elastomers  to  meet  the  -65°F  to  275°F 
requirements. 

•  Formulation  changes  in  butadiene-acrylonitrile  copolymers. 

•  Blending  of  elastomeric  materials,  including  fluoroelastomers , 
silicones,  ethylene  propylene,  Buna  N,  propylene  oxide,  chloro- 
sulfonated  polyethylene,  and  polyurethane. 

•  Investigation  of  new  polymeric  materials,  such  as  epichlorohydrin 
rubber,  which  appear  applicable  to  the  program  requirement. 

The  merit  of  compounds  developed  was  first  determined  by  material  property 
tests.  Those  showing  promising  properties  were  then  molded  into  O-rings  and 
subjected  to  realistic  evaluation  tests. 

These  evaluations  were  conducted  in  a  manner  similar  to  that  set  forth  in 
Aerospace  Recommended  Practice  820  (ARP-820)  issued  by  the  Society  of  Auto¬ 
motive  Engineers,  Inc.  This  method  of  testing  emphasizes  long  term  service  of 
static  and  dynamic  seals  at  27  5°F  while  still  retaining  -65°F  capability  in  3000  psi 
hydraulic  systems  that  use  MIL-H-5606  fluids. 
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A  proposed  military  specification  which  outlines  the  performance  require¬ 
ments  and  test  procedures  which  could  be  used  to  qualify  compounds  having  long 
life  capability  at  27  5°  F  is  presented  in  Appendix  I. 

The  ingredients,  cure  schedules,  and  properties  of  all  experimental  com¬ 
pounds  developed  under  this  program  are  presented  in  Appendix  II. 

A  description  of  the  compounding  effort,  test  program,  conclusions  and 
recommendations  are  presented  in  Sections  II,  III,  IV,  and  V,  respectively. 
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TABLE  I.  PROPERTIES  OF  COMPOUNDS  CONFORMING  TO  SPECIFICATIONS 

MIL-P-25732  AND  MIL-R-25897 


SOURCE  "A"  SOURCE  "B" 


Original  Properties 

Shore  A  hardness 

Tensile  strength,  psi 
Elongation 

Tensile  stress,  100%,  psi 
Temperature  retraction 

Oil- Aged  168  hr/27  5°F 

MIL-P-25732 

76 

2009 

200% 

812 
-50°  F 

MIL- H- 5606 

Shore  A  hardness 

75  (-1) 

Tensile  strength,  psi 

1075  (-46%) 

Elongation 

89%(-55%) 

Tensile  stress,  100%,  psi 

— 

Volume  change 

+7.1% 

Air- Aged  96  hr/27  5° F 

Shore  A  hardness 

98  (+22) 

Tensile  strength,  psi 

1970  (-2%) 

Elongation 

40%(-80%) 

Tensile  stress,  100%,  psi 

— 

Compression  Set 

70  hr/27 5°F 

44% 

MIL-R-25897 

MIL-P-25732 

MIL-R-25897 

75 

78 

70 

2029 

2276 

2370 

270% 

180% 

280% 

549 

1180 

600 

-1°F 

-50°F 

+4°F 

75 

(0) 

83  (+5) 

74  (-2) 

2006 

(-1%) 

812  (-64%) 

2341  (-1%) 

260%(-4%) 

40%(-78%) 

240%(-14%) 

547 

(0) 

— 

649  (-8%) 

+2. 

5% 

+8.4% 

+2.6% 

78  (+3) 

98  (+20) 

80  (+4) 

2162  (+6%) 

2023  (-11%) 

2340  (-1%) 

257%(-4%) 

30%(-83%) 

235%(-14%) 

625  (+13%) 

694  (+15%) 

15% 

46% 

25% 
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FLUOROELASTOMERIC  COMPOUNDS  AND  BLENDS 


Initial  studies  were  conducted  using  carbon  wool  as  a  filler  material  for 
various  fluoroelastomers.  These  compounds  also  utilized  high  temperature  sec¬ 
ondary  oven  cures.  As  exemplified  by  compounds  RAF-12,  -13,  -14,  and  -29, 
compression  set  characteristics  in  the  range  of  13  to  19%  were  achieved.  However, 
little  improvement  in  temperature  retraction  (TR-10)  characteristics  was  obtained. 

ECD-487  compounds  displayed  that  their  low  temperature  characteristics 
were  superior  to  other  forms  of  Viton.  Unplasticized  ECD-487  compounds,  RAF-17, 
-29,  -54,  displayed  TR-10  characteristics  of  approximately  -20°F.  Compound 
RAF-17  was  subsequently  molded  into  O- rings  and  evaluated  in  hydraulic  testing, 
where  it  proved  deficient  in  extrusion  resistance.  The  deficiency  in  extrusion 
resistance  was  also  established  as  characteristic  of  MIL- R- 2 5897  compounds 
that  were  utilized  as  a  standard  against  which  experimental  fluoroelastomeric 
compounds  could  be  measured.  Compound  RAF- 54  which  utilized  FEF  black  to 
enhance  extrusion  resistance  was  also  subjected  to  hydraulic  testing,  and  ultimately 
proved  to  be  one  of  the  most  successful  compounds  developed.  Trials  subsequently 
undertaken  to  develop  other  more  extrusion  resistant  fluoroelastomeric  compounds 
culminated  with  compounds  RAF-53,  RAF- 54  and  RAF- 55.  These  compounds 
basically  used  FEF  black  in  conjunction  with  Viton  B,  ECD-487  and  Viton  A-HV, 
respectively.  Evaluation  of  the  three  compounds  in  hydraulic  tests  established 
RAF -54  as  having  the  best  all-around  sealing  ability.  The  Viton  A-HV  compound 
exhibited  the  best  compression  set  characteristics;  however,  the  superior  TR-10 
properties  of  the  ECD-487  apparently  provided  these  O- rings  with  superior  low 
temperature  sealing  capabilities. 

Considerable  effort  was  devoted  to  achieve  improvement  in  the  low  tempera¬ 
ture  capability  of  commercially  available  fluoroelastomers  by  (1)  the  use  of 
plasticizers  and  (2)  reducing  or  eliminating  the  usual  high  temperature  secondary 
curves  which  volatilize  plasticizers.  The  resulting  compounds  characteristically 
lacked  compression  set  resistance,  although  many  attained  good  low  temperature 
flexibility.  The  evaluations  performed  in  this  area  by  Republic  indicate  that  a  less 
volatile  plasticizer  would  be  an  extremely  valuable  tool  to  the  rubber  compounder, 
and  the  search  for  such  an  agent  might  be  the  objective  of  a  worthwhile  program. 

A  study  of  available  plasticizers  was  conducted  using  a  Paracril  18-80  com¬ 
pound  as  an  economical  vehicle  for  comparison  purposes.  The  results  are  listed 
in  Table  II. 

i 

As  showp  in  Table  II,  the  results  were  rather  disappointing. 

However,  Flexol  GPE  and  -EPO  were  utilized  in  compounds  RAF  91  through  -94, 

-96  and  -97.  As  anticipated  little  significant  improvement  was  realized. 

Attempts  were  made  to  blend  fluoroelastomers  with  other  polymers  to  attain 
superior  properties.  Table  III  describes  some  of  these  blends. 
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TABLE  II  -  PLASTICIZER  STUDY 


Compound 

Plasticizer 

RAN  61 

TP-95 

RAN  67 

Flexol  GPE 

RAN  70 

Halby  LTR  268 

RAN  68 

Flexol  EPO 

RAN  69 

Halby  LTR  200 

RAN  71 

TP110 

RAN  72 

MT  511 

RAN  73 

DC  3089 

RAN  74 

DC  3090 

TR-10  Volume  Change 


-46°F 

+32% 

-46°F 

+25% 

-36°F 

+31% 

-36°F 

+33% 

-38°F 

+29% 

-42°F 

+27% 

-38°F 

+30% 

-34°F 

+21% 

-12°F 

+23% 

TABLE  IB  -  INGREDIENTS  OF  BLENDS 
(parts  by  weight  in  parenthesis) 


Compound 


RAF-21 

Viton  B  (100) 

G.  E.  SE-450  (Semi-cured)  (50) 

RAF-23 

Viton  AHV  (50) 

Dynagen  XP139  (50) 

RAF-25 

Viton  B  (95) 

Butyl  HT1066  (5) 

RAF -42,  -43,  -60,  -67 

Viton  B  (50) 

Cyanacril  LT  3  (50) 

RAF-68,  -69 

Fluor  el  2140  (85) 

Cyanacril  LT3  (15) 

RAF-70,  -81 

Viton  AHV  (75) 

Cyanacril  LT3  (25) 

RAF-71,  -79,  -80 

Fluor  el  KX2150(75) 

Cyanacril  LT3  (25) 

RAF-92,  -96,  -97 

Viton  A  (95) 

Nordel  1070  (5) 
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Little  significant  improvement  was  attained  by  any  of  these  combinations. 

In  general,  the  poorer  characteristics  of  each  ingredient  dominated  the  resulting 
compound  or  inhibited  the  attainment  of  good  results. 

2.  EPICHLOROHYDRIN  COMPOUNDS 

The  B.  F.  Goodrich  Chemical  Company  has  developed  polymers  based  on 
epichlorohydrin.  An  epichlorohydrin  polymer,  designated  as  CHR  rubber,  did 
not  offer  sufficient  low  temperature  flexibility  as  evidenced  by  compounds  RAX-1 
and  RAX-13.  However,  a  copolymer,  now  designated  as  Hydrin  200,  offers 
good  oil  resistance,  strength,  and  low  temperature  flexibility;  but  its  compres¬ 
sion  set  resistance  and  heat  resistance  appeared  somewhat  marginal.  Unfor¬ 
tunately,  the  copolymer  was  so  new  that  its  availability  was  somewhat  limited, 
thus  the  level  of  compounding  effort  it  deserved  could  not  be  attained. 

Compound  RAK-3  offered  sufficient  promise  to  warrant  hydraulic  evaluation, 
and  it  proved  to  be  an  effective  seal. 

Cure  trails  with  piperazine  hexahydrate  proved  unsatisfactory,  probably 
because  an  ineffective  brand  was  utilized.  This  material  is  reported  to  provide 
low  compression  set,  with  somewhat  inferior  heat  resistance. 

Studies  of  the  effects  of  secondary  oven  cures  were  conducted.  Initial 
trials  of  24  hours  duration  at  212°F  did  not  prove  particularly  effective,  as 
evidenced  by  compounds  RAK-4  through  RAK-8.  However,  later  trials  of  24 
hours  at  300° F  produced  compounds  with  compression  set  as  low  as  39%  (RAK-26). 
The  low  elongation  of  this  compound  did  not  permit  establishing  its  TR-10  value; 
however,  it  undoubtedly  possessed  good  low  temperature  flexibility. 


The  Hydrin  200  copolymer  appears  to  be  tolerant  of  the  type  of  black  used 
since  compounds  exhibiting  promising  qualities  were  produced  using  SAF-, 

HAF-,  FEF  black,  and  combinations  thereof. 

Blends  with  Hydrin1  £00  were  not  tried  and  it  is  possible  that  some  improve¬ 
ments  may  be  obtained  by  this  means.  To  date,  most  other  blends  have  gener¬ 
ally  resulted  in  the  poorer  properties  of  each  constituent. 

It  is  doubtful  that  the  ultimate  in  properties  has  yet  been  achieved,  since 
any  new  polymer  requires  a  great  amount  of  work  before  it  is  properly  exploited. 
The  favorable  results  of  work  conducted  so  far  is  extremely  encouraging  and 
hopefully  will  provide  a  springboard  for  commercial  compounds. 

3.  POLYACRYLATE  COMPOUNDS  AND  BLENDS 

The  considerable  interest  focused  on  the  polyacrylate  polymers  for  use  as 
automotive  transmission  seals  has  resulted  in  the  development  of  many  new 
polymers.  Republic  included  these  polymers  in  its  investigation.  The  major 
objectives  were  to  attain  good  low  temperature  flexibility  coupled  with  sufficient 
strength  to  permit  use  as  high  pressure  hydraulic  seals.  Ten  plasticized 
Thiacril  55  compounds  were  developed,  but  in  general  lacked  sufficient  strength 
for  high  pressure  work.  Compound  RAA-43  appears  to  offer  the  best  all  around 
qualities. 
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Several  experimental  Hycar  polymers  (Hycar  2121X58,  -X60,  and  -X61) 
offered  considerable  promise.  RAA-39, which  used  Hycar  2121X58  with  ten 
parts  of  plasticizer, had  properties  which  fell  just  short  of  the  target  goals. 

When  it  was  learned  that  these  polymers  would  not  be  produced  commercially, 
emphasis  was  shifted  to  Hycar  2121X38, which  the  manufacturer  does  intend  to 
produce.  Unfortunately,  this  polymer  had  a  tendency  to  swell  more  than  the 
others,  thus  limiting  its  usefulness. 

Five  Hycar  4021  compounds  were  produced  that  were  marginal  in  strength 
and  compression  set  resistance  when  plasticized  to  achieve  low  temperature 
properties. 

Thiacril  76  compounds  snowed  considerable  promise  as  evidenced  by  com¬ 
pounds  RAA-49,  -61,  and  -62.  RAA-49  attained  a  modulus  of  640  psi,  TR-10 
value  of  -30°F,  compression  set  of  48%  and  generally  displayed  good  heat  and 
oil  resistance. 

A  number  of  blends  were  attempted  in  an  effort  to  impart  low  temperature 
properties  to  polyacrylates  without  extensive  use  of  plasticizer.  Table  IV  illus¬ 
trates  the  combinations  attempted. 


TABLE  IV  -  BLENDING  INGREDIENTS 
(parts  by  weight  in  parenthesis) 


Compound 

RAA-6,  -12 

RAA-7 

RAA-10 

RAA-14 

RAA-23 

RAA-25 

RAA-26 

RAA-44,  -47,  -50 

RAA-45 

RAA-51,  -67 

RAA-58 

RAA-59 

RAA-60 


Thiacril  44  (75) 
Cyanacril  (75) 
Cyanacril  (85) 
Thiacril  55  (85) 
Cyanacril  (50) 
Cyanacril  (50) 
Cyanacril  (85) 
Thiacril  55  (66.6) 
Cyanacril  (50) 

Hycar  4021  (80) 

Hycar  2121X38  (66.6) 
Thiacril  55  (75) 
Thiacril  76  (80) 


Butyl  HT-1066  (25) 
Butyl  HT-1066  (25) 
Butyl  HT-1066  (15) 
Butyl  HT-1066  (15) 
Paracril  18-80  (50) 
Dynagen  XP139  (50) 
Nordel  (15) 

Cynacril  LT3  (33.3) 
Cyanacril  LT3  (50) 
Cyanacril  LT3  (20) 
Cyanacril  LT3  (33.3) 
Cyanacril  LT3  (25) 
Cyanacril  LT3  (20) 
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Cyanacril  LT3,  a  polyacrylate  elastomer  reported  to  have  good  low  temper¬ 
ature  properties  , was  used  extensively  as  a  blending  ingredient.  While  it  appeared 
to  be  of  some  benefit  in  this  respect,  the  swell  characteristics  of  all  resulting 
compounds  .with  the  exception  of  RAA-60, suffered. 

/ 

Blends  of  polyacrylate  with  chlorobutyl,  or  ethylene  propylene,  or  propy¬ 
lene  oxide  rubber  also  produced  compounds  which  swelled  excessively. 

Although  the  polyacrylates  showed  some  promise  of  meeting  the  target 
goals,  no  compounds  were  developed  with  all  the  properties  necessary  to  war¬ 
rant  hydraulic  system  testing.  In  the  final  phases  of  the  program,  work  was 
discontinued  in  this  area  to  permit  major  emphasis  on  the  fluoroelastomers  and 
epichlorohvdrin  elastomers. 

4.  BUTADIENE-ACRYLONITRILE  COPOLYMERS  AND  BLENDS 

Experiments  relating  to  the  cure  system,  use  of  non-black  fillers,  blend¬ 
ing,  and  plasticizing  were  conducted  on  butadiene-acrylonitrile  copolymers. 

The  use  of  the  resin  cure  (SP  1045  and  SP  1055)  in  compounds  RAN-32  through 
-38,  -41,  -45,  and  -46  did  not  impart  any  improvement  in  heat  resistance  and 
actually  resulted  in  inferior  resistance  to  compression  set.  A  peroxide  cure 
also  failed  to  establish  any  distinct  advantage.  By  utilizing  magnesium  oxides 
such  as  Maglite  as  fillers,  compounds  with  good  heat  resistance  such  as 
RAN-60  were  produced.  This  property  could  be  further  improved  by  the  use 
of  a  less  volatile  plasticizer.  However,  it  seemed  unlikely  that  the  resistance 
to  compression  set  of  such  magnesia-filled  compounds  could  be  improved; 
consequently  any  improvement  in  their  heat  resistance  would  be  of  little  benefit. 

Blends  with  propylene  oxide  rubber  (RAN-40  and  -47) failed  to  produce  a 
useful  combination  of  properties. 

Blends  of  Hycar  1042  and  Ameripol  CB  resulted  in  inferior  oil  resistance 
without  effecting  any  significant  improvement  in  other  properties. 

Compounds  RAN  67  through  -74  were  used  in  a  plasticizer  study  which 
was  discussed  in  Subsection  H-l  -  Fluoroelastomers. 

The  results  obtained  appear  to  confirm  earlier  assumptions  that  it  is 
unlikely  that  the  life  of  Buna  N  for  275°F  service  can  be  extended. 

5.  FLUOROSILICONE  COMPOUNDS 

The  fluorosilicone  elastomers,  in  general,  have  excellent  oil  resistance, 
heat  resistance,  and  low  temperature  flexibility.  Unfortunately,  their  resistance 
to  wear  is  poor.  Compound  RAS-6  established  that  carbon  wool  can  be  of 
value  in  silicone  compounds.  The  compression  set  of  this  compound  was  29%  in 
comparison  to  49%  for  RAS-5,  a  similar  compound  which  used  Cab-O-Sil  MS-7 
for  reinforcement.  RAS-6  was  subjected  to  O-ring  testing  and  proved  to  have 
inadequate  extrusion  resistance.  Utilizing  carbon  wool  in  combination  with  a 
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more  conventional  filler  in  compound  RAS-8,  failed  to  impart  superior  strength 
to  this  fluorosilicone  compound.  In  addition,  the  compression  set  resistance 
suffered.  A  recently  developed  polymer,  Silastic  LS-X-3033OU,  exhibited  an 
excellent  combination  of  swell,  compression  set  resistance,  and  low  temperature 
flexibility;  however,  there  was  no  indication  that  any  significant  improvement 
in  strength  had  been  achieved.  Efforts  with  the  silicone  polymers  were  aban¬ 
doned,  because  no  approach  towards  achieving  increased  strength  could  be 
established. 

Although  the  silicone  compound  does  not  presently  appear  applicable  to 
MIL-P-5514  utilization  of  O-ring  as  a  seal,  future  consideration  could  be  given 
for  seal  application  where  strength  is  not  of  primary  importance.  Such  an  appli¬ 
cation  might  use  a  silicone  O-ring  in  conjunction  with  a  fluorocarbon  "cap"  seal. 
In  this  application  the  O-ring  acts  as  a  spring  to  energize  the  "cap,"  which  does 
the  actual  sealing. 

6.  PROPYLENE  OXIDE  RUBBER  COMPOUNDS  AND  BLENDS 

The  General  Tire  and  Rubber  Company  recently  announced  a  new  experi¬ 
mental  propylene  oxide  copolymer,  "Dynagen  XP-139."  This  elastomer  was 
reported  to  have  excellent  low  temperature  flexibility,  but  with  oil  resistance 
somewhat  poorer  than  Paracril  18  -80.  When  compounded,  Dynagen  XP-139 
proved  to  swell  excessively  when  used  with  MIL-H-5606  oils.  Blends  with 
Hypalon  30  (RAQ-6,  -8  and  -10),  Silastic  LS63U  (RAQ-4),  and  Viton  A-HV 
(RAF-23)  were  attempted.  Only  in  the  silicone  blend  was  the  volume  swell 
actually  reduced  to  a  near  practical  level;  however,  other  properties  were  defi¬ 
cient.  The  good  low  temperature  properties  of  propylene  oxide  rubber  could 
not  be  transferred  to  a  practical  compound  and  work  with  this  copolymer  was 
then  stopped. 

7.  POLYURETHANE  COMPOUNDS  AND  BLENDS 

Since  it  was  known  that  millable  polyurethane  gums  lack  inherent  resist¬ 
ance  to  compression  set,  emphasis  was  placed  on  attempts  to  correct  this 
problem.  Carbon  wool  was  used  as  a  filler  in  compound  RAU-17;  however,  no 
improvement  in  compression  set  resistance  resulted.  Blends  with  silicone 
rubber  (RAU-25  and  -26)  and  Hypalon  20  (RAU-21  and  -28)  also  failed  to  produce 
any  improvement  in  this  characteristic.  Elastothane  455,  Vibrathane  5004 
Adiprene  C,  and  Genthane  SR  were  among  the  polymers  surveyed  before  work 
with  the  polyurethanes  was  discontinued. 

8.  CHLOROSULFONATED  POLYETHYLENE  COMPOUNDS  AND  BLENDS 

A  blending  study  was  conducted  using  chlorosulfonated  polyethylene  rubber 
with  propylene  oxide,  ethylene  propylene  terpolymer,  polyurethane,  and  poly¬ 
butadiene  (RAE-19  through  -22).  The  latter  three  formulations  showed  rather 
good  heat  resistance,  but  they  had  poor  compression  set  as  well  as  an  unaccept¬ 
able  combination  of  low  temperature  flexibility  and  volume  change.  Thus  further 
work  in  this  area  was  discontinued. 
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9.  VINYL  PYRIDINE  COMPOUNDS  AND  BLENDS 


Vinyl  pyridine  and  vinyl  pyridine-acrylonitrile  polymers  were  evaluated 
in  compounds  RAX-9-10  and  -11.  Blends  of  the  two  were  attempted  in  formula¬ 
tions  RAX-12  and  -15.  These  compounds  did  not  offer  sufficient  heat  resist¬ 
ance  to  warrant  further  efforts.  The  resin  cure  utilized  an  blend  RAX-15  also 
failed  to  produce  significant  improvement. 

10.  MISCELLANEOUS  COMPOUNDS 

RAX- 5  was  the  basis  of  an  attempt  to  utilize  a  peroxide  cure  on  an  ethylene- 
vinyl  acetate  copolymer.  The  polymer  did  not  have  sufficient  hot  oil  resistance 
to  warrant  further  study. 

In  1957  the  Minnesota  Mining  and  Manufacturing  Company  developed  an 
elastomer  described  as  a  homopolymer  of  3  perfluoromethoxy  1,  1  dihydroper- 
fluoropropylacrylate.  This  polymer  was  developed  under  Air  Force  Contract 
AF33(038)-515  under  the  direction  of  the  Air  Force  Materials  Laboratory  of 
the  then  Wright  Air  Development  Center.  Although  no  gum  was  available,  test 
slabs  for  RAX-6  were  provided  by  Minnesota  Mining  and  Manufacturing  Company. 
If  gum  were  available,  the  2F4  might  have  been  good  candidate  elastomer  by 
adapting  more  modern  compounding  techniques  and  by  improving  compression 
set  with  a  secondary  oven  cure. 

RAX-7  is  the  result  of  a  preliminary  compound  of  Nitroso  rubber  manu¬ 
factured  by  the  Thiokol  Chemical  Corporation.  This  is  a  copolymer  described 
as  trifluoronitroso-methane-tetrafluoroethylene.  Its  low  temperature  properties 
and  oil  resistance  are  excellent.  Insufficient  gum  was  available  to  perform 
temperature  retraction  tests  or  further  compounding  studies. 

RAX- 14  was  compounded  using  Levapren  450,  a  type  of  ethylene  vinyl 
acetate  copolymer  made  in  West  Germany.  This  copolymer  is  reported  to  have 
excellent  heat  resistance  and  very  low  compression  set.  Its  poor  oil  resistance 
and  poor  low  temperature  flexibility  eliminated  its  usefulness  to  this  program. 

RAC- 53  is  a  blend  with  a  neoprene  containing  acrylonitrile.  Its  high  com¬ 
pression  set  and  volume  swell  eliminated  it  from  further  investigation. 
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SECTION  III 
O-RING  EVALUATION 


1.  GENERAL 

O- rings  are  used  as  seals  under  a  wide  variety  of  conditions  in  3000  psi 
hydraulic  systems  using  MIL-H-5606  fluids.  According  to  use,  the  broadest 
subdivision  is  between  static  and  dynamic  seals.  However,  another  important 
consideration  in  seal  life  is  the  extent  to  which  the  seal  is  exposed  to  air. 

Thus,  four  important  classes  of  usage  application  emerge: 

•  Static  seals  which  are  completely  submerged  in  oil  (such  as  a 
static  seal  in  a  dam  between  oil  chambers). 

•  Static  seals  which  are  exposed  to  oil  on  one  side  and  air  on  the 
other  (such  as  the  static  seals  on  pump  heads,  cylinder  heads,  etc.). 

•  Reciprocating  dynamic  seals  which  are  completely  submerged  in 
oil  (such  as  a  piston  head  seal  in  an  actuator). 

•  Reciprocating  dynamic  seals  which  are  exposed  to  oil  on  one  side 
and  air  on  the  other  (such  as  a  piston  rod  seal). 

Other  applications  for  O-rings  such  as  oscillatory  or  rotary  service  do 
exist;  however,  their  occurrence  is  relatively  infrequent  (and  often  trouble¬ 
some)  and,  therefore,  were  not  considered  major  performance  criteria. 

The  program  was  aimed  at  fulfilling  the  intent  of  ARP- 820  for  long  term 
O-ring  service  at  +275°F  while  still  retaining  good  low  temperature  sealing. 

This  requirement  coupled  with  the  four  aforementioned  applications  formed  the 
basis  for  the  performance  test  used  in  the  program. 

2.  TEST  PROCEDURE 

a.  Static  Tests 

These  static  tests  were  accomplished  in  a  test  cylinder  depicted  in 
Figures  1  and  2.  The  housings  are  made  of  7075- T6  aluminum  alloy  to  permit 
simulation  of  typical  aircraft  applications.  Piston  rods  are  made  of  chrome 
plated  steel  finished  to  8-16  rms.  O-ring  cavities  are  identical  to  MIL-P-5514 
grooves ,  with  the  exception  that  the  diametral  clearance  was  reduced  to  a 
nominal  .  0012  inch  since  backup  rings  were  not  used. 

Aging  of  the  O-rings  at  275°  was  accomplished  by  placing  the  test 
cylinders  in  one  quart  jars  filled  with  MIL-H-5606  oil.  These  cylinders  were 


13 


DUMMY  PISTON  ROD 


Figure  2.  Static  Test  Cylinder  -  Hardware 
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then  placed  in  a  silicone  oil  bath  which  was  maintained  at  275°  ±  4°F  for  100  hour 
periods  by  automatic  temperature  controls  and  mechanical  agitation  of  the  fluid. 
Although  the  caps  on  the  one  quart  jars  were  securely  fastened,  the  level  of  the 
silicone  oil  bath  was  kept  below  that  of  the  caps  on  the  jars  to  preclude  any  possi¬ 
bility  of  fluids  intermixing. 

The  test  system  for  environmental  control  is  shown  in  Figure  3. 

Cold  temperatures  were  attained  by  a  CCL  system  and  high  temperatures  were 
obtained  by  heaters  within  the  environmental  chamber.  A  squirrel  cage  blower 
provide  temperatures  which  were  uniform  to  ±1°  within  the  chamber.  Pressure 
was  obtained  from  a  hydraulic  power  pack.  Cycling  from  0  to  3000  psi  was 
accomplished  by  an  attendant  valving  system.  Figure  4  shows  the  test  cylinders 
installed  in  the  environmental  system. 

The  test  procedure  is  described  below. 

(1)  Oil  Aging  Tests 

(a)  Soak  packing  in  MIL-H-5606  oil  at  +275°F  for  100  hours 
while  installed  in  the  test  cylinder.  Ensure  that  rings 
are  completely  surrounded  by  oil  and  no  air  pockets 
exist. 

(b)  Install  test  cylinder  in  static  test  system. 

(c)  Lower  temperature  to  -30°F  and  stabilize,  then  leak 
check  with  50  psi  steady  pressure  for  one  hour. 

(d)  Reduce  temperature  to  -65°  and  stabilize,  then  leak 
check  with  a  2-foot  head  of  pressure  for  one  hour. 

(e)  Initiate  pressure  cycling  from  0  to  -75  psi  to  3000  psi 
at  30  ±  5  cycles  per  minute  and  initiate  environmental  heating.  Accomplish 
temperature  rise  to  +275°F  within  40  minutes,  and  stabilize.  Complete  a  total 
of  5000  pressure  cycles . 

(f)  Remove  rings  from  test  fixture  and  check  compression 
set  and  hardness.  Check  for  evidence  of  extrusion, 

(g)  Repeat  complete  procedure  until  failure. 

(2)  Air-Aging  Tests 

(a)  Install  O- rings  into  static  test  cylinder.  Connect  air 
inlet  line  to  pressure  port.  Connect  air  outlet  line  to  thermocouple  port.  Sub¬ 
merge  test  fixture  in  MIL-H-5606  oil  and  age  for  100  hours  at  275°F.  Insure 
that  air  is  circulating  through  internal  cavity  during  aging  period  by  putting  the 
air  outlet  line  into  an  oil  trap  where  a  bubble  rate  of  60  bubbles  per  minute  is 
visible. 
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Figure  3.  ORing  Static  Test  System 


Figure  4.  Static  Test  Cylinders  Installed  in 
Environmental  Chamber 
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(b)  At  the  conclusion  of  100  hours  of  aging  reverse  the 

O- rings  so  that  the  side  exposed  to  air  during  aging  will  now  be  exposed  to  air 
during  pressure  cycling. 

(c)  Install  test  cylinder  in  static  test  system. 

(d)  Lower  temperature  to  -30°F  and  stabilize,  then  leak 
check  with  50  psi  steady  pressure  for  one  hour. 

(e)  Reduce  temperature  to  -65°  and  stabilize,  then  leak 
check  with  a  2-foot  head  of  pressure  for  one  hour. 

(f)  Initiate  pressure  cycling  from  0  to  -75  psi  to  3000  psi 
at  30  ±  5  cycles  per  minute  and  initiate  environmental  heating.  Accomplish 
temperature  rise  to  +275°F  within  40  minutes,  and  stabilize.  Complete  a  total 
of  5000  pressure  cycles. 

(g)  Remove  rings  from  test  fixture  and  check  compression 
set  and  hardness.  Check  for  evidence  of  extrusion. 

(h)  Replace  rings  in  static  test  cylinder  so  that  the  side 
exposed  to  air  during  aging  will  again  be  exposed  to  air  during  the  next  aging 
period.  Note  leakage  throughout  entire  test. 

(i)  Repeat  steps  (a)  through  (h)  until  failure, 
b.  Dynamic  Tests 

Initially  a  test  cylinder  similar  to  that  recommended  in  ARP-820 
was  selected  for  dynamic  O-ring  evaluations.  This  configuration  uses  the 
O-ring  without  backup  rings.  Instead  it  uses  the  O-ring  with  diametral  clear¬ 
ances  reduced  to  a  minimum  for  3000  psi  service.  A  dynamic  test  cylinder 
for  such  service  was  designed  and  built  (Figures  5  and  6).  With  the  test  cylinder 
universally  mounted  and  mechanically  driven  by  a  varidrive  and  eccentric, 
shakedown  runs  were  conducted  (Figure  7).  These  runs  utilized  unaged  MIL-P- 
25732  O- rings  at  room  temperature  to  ensure  that  a  ring  with  good  physical 
properties  could  survive  the  test. 

Problems  initially  encountered  included  excessive  abrasion  and 
rolling  of  the  O-ring  and  wear  on  the  gland.  These  problems  were  attributed 
to  the  short  pitched  grind  pattern  on  the  piston  rod.  Although  the  rod  was 
checked  to  a  7  to  -10  rms  finish  (well  within  MIL-P-5514  requirements)  it  was 
believed  that  the  extremely  short  pitch  of  the  grind  pattern  might  have  given  a 
deceptive  profilometer  reading.  Under  microscopic  inspection,  the  grind  pattern 
appeared  capable  of  filing  the  aluminum  bearing  land,  thus  generating  particles 
that  could  abrade  the  O-ring,  cause  high  local  friction,  and  roll  the  ring,  to  an 
effort  to  eliminate  this  problem,  the  rod  was  lightly  lapped.  Refinishing  the 
rod  provided  some  reduction  in  the  quantity  of  aluminum  generated  by  wear  on 
the  bearings,  and  attendant  abrasion  of  the  specimen  O- rings.  However,  the 
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Figure  5.  Initial  Dynamic  Test  Cylinder  -  Drawing 


Figure  6.  Dynamic  Test  Cylinder  -  Hardware 
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Figure  7.  Initial  Dynamic  Test  Cylinder  -  Mounted  in  Oven 


Figure  8.  Dynamic  Test  Cylinder  -  Pillow  Block  Mounted 
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resulting  conditions  were  still  considered  too  severe  to  be  realistic.  In  order  to 
reduce  the  bearing  load  on  the  fixtures ,  the  piston  rod  was  mounted  on  two  pillow 
blocks,  with  the  housing  mounted  on  the  rod  between  the  pillow  blocks  (Figure  8). 
This  also  failed  to  remedy  the  problem,  since  the  rings  continued  to  display 
excessive  abrasion.  It  was  then  thought  that  the  close  diametral  clearance 
(0. 0015  inch)  between  the  piston  rod  and  bore  might  permit  the  generated  alum¬ 
inum  particles  to  become  wedged  in  the  clearance  space  where  they  could  score 
the  bore  and  rod  and  abrade  the  O-ring. 

The  diametral  clearance  of  one  of  the  test  cylinders  was  opened  to 
MIL-P-5514  upper  limits  (0. 006  inch)  and  dynamic  tests  were  conducted  at 
1500  psi  for  5000  cycles.  The  results  seemed  to  offer  promise.  Abrasion 
appeared  negligible,  and  no  extrusion  problems  arose.  In  view  of  these  results, 
the  test  was  repeated  at  3000  psi.  Again,  the  results  appeared  good  after  5000 
cycles.  However,  after  an  additional  10,  000  cycles,  one  of  the  rings  was 
severely  rolled,  and  had  peeled  where  it  had  apparently  been  pinched  in  the 
diametral  clearances  and  subsequently  rolled. 

At  this  stage  of  the  investigation,  it  was  believed  that  for  3000  psi 
service  the  use  of  backup  rings  in  conjunction  with  the  O-ring  is  necessary  to 
provide  an  accurate  estimate  of  the  abrasion  resistance  of  the  rubber  compounds 
being  examined.  Therefore,  the  O-ring  cavities  of  one  test  cylinder  were 
machined  to  accommodate  backup  rings.  The  test  configuration  now  utilized 
MS  28774  rings  in  conjunction  with  the  specimen  O-ring.  Correspondingly,  the 
diametral  clearances  have  been  opened  up  to  within  .  001  inch  of  the  maximum 
allowable  under  MIL-P-5514.  All  other  cavity  dimensions  conform  to  MIL- 
P-5514.  This  configuration  was  evaluated  by  utilizing  a  MIL-P-25732  compound 
O-ring  which  had  not  been  subjected  to  heat-aging  to  50, 000  cycles,  (4- inch 
stroke)  at  275°F.  No  leakage  resulted.  The  minor  abrasion  evident  at  the  seal¬ 
ing  surfaces  of  the  rings  at  the  conclusion  of  the  run  appeared  commensurate  with 
the  number  of  dynamic  cycles.  The  good  material  properties  of  the  unaged  Buna 
N  easily  compensated  to  produce  an  effective  seal.  The  gland  bearings  showed 
negligible  wear.  The  rings  showed  an  average  compression  set  of  57%  (measured 
immediately  after  removal  from  the  gland)  at  the  conclusion  of  50, 000  cycles. 

The  total  time  of  exposure  to  27 5° F  was  25  hours,  including  testing,  warmup, 
and  shutdown.  This  dynamic  test  profile  was  then  adopted  for  realistic  evalua¬ 
tion  of  heat- aged  compounds. 

The  test  cylinders  were  modified  to  incorporate  a  two-piece  MIL- 
P-5514  cavity,  as  shown  in  Figure  9.  This  was  done  so  that  diametral  clearances 
could  be  kept  consistent  throughout  testing.  Inserts  were  replaced  when  they 
wore  out  of  tolerance. 

New  backup  rings  were  used  prior  to  each  5000  dynamic  cycles, 
because  in  many  instances  by  extruding  severely  the  MS  28774  proved  marginal 
or  deficient  supporting  the  O-ring.  Therefore,  backup  ring  deterioration  could 
have  penalized  O-ring  performance  and  confused  the  results. 

The  oil-  and  air-aging  oil  bath  used  for  dynamic  O- rings  was 
identical  to  that  used  for  aging  static  specimens. 
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BARREL 


Figure  9.  Dynamic  Test  Cylinder 


The  dynamic  cycling  system  utilized  a  varidrive  and  eccentric  as 
previously  mentioned.  Pressure  during  cycling  was  obtained  from  a  hydraulic 
power  pack.  Environmental  control  was  obtained  from  clamshell  heaters  which 
surrounded  the  test  cylinders  and  permitted  two  dynamic  cylinders  to  be  tested 
concurrently. 

The  detailed  test  procedure  used  throughout  the  dynamic  tests  is 
described  below. 

(1)  Oil- Aging  Tests 

(a)  Soak  packings  in  MIL-H-5606  oil  at  +275°F  for  100  hours 

While  installed  in  test  cylinder  without  backup  rings. 

\ 

\ 

\  (b)  Install  test  cylinder  in  environmental  chamber. 

\ 

*  (c)  Reduce  temperature  to -30°F  and  stabilize,  then  leak 

check  with\50  psi  steady  pressure  for  one  hour. 
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(d)  Reduce  temperature  to  -65#F  and  stabilize,  then  leak 
check  with  a  2-foot  head  of  pressure  for  one  hour. 

(e)  Raise  temperature  to  27  5°  F  within  one  hour  while  main¬ 
taining  2-foot  head.  At  275°F  raise  pressure  to  50  psi  and  maintain  for  30  min¬ 
utes.  Allow  cylinder  to  cool  to  room  temperature. 

(f)  Install  new  MS  28774  rings  on  each  side  of  specimen 

O-ring. 

(g)  Install  test  cylinder  in  dynamic  test  fixture. 

(h)  Apply  3000  psi  continuous  pressure  and  initiate  4-inch 
stroke  cycling  at  30  cycles  per  minute.  Initiate  environmental  heating  and  effect 
temperature  rise  to  +275°F  within  45  minutes  after  cycling  started.  Complete 
5000  cycles. 


(i)  Remove  rings  from  test  fixture  and  check  compression 
set  and  hardness.  Check  for  evidence  of  abrasion  or  extrusion.  Note  leakage 
throughout  entire  test. 

(j)  Repeat  procedures  (a)  through  (i)  until  failure. 

(2)  Air-Aging  Tests 

(a)  Install  O- rings  into  dynamic  test  fixture  without  backup 
rings.  Connect  air- inlet  line  to  pressure  port.  Connect  air  outlet  line  to  thermo¬ 
couple  port.  Submerge  test  fixture  in  MIL-H-5606  oil  and  age  for  100  hours  at 

27  5° F.  Ensure  that  air  is  circulating  through  internal  cavity  during  aging  period 
by  putting  the  air  outlet  line  in  an  oil  trap  where  a  bubble  rate  of  60  bubbles  a 
minute  are  visible. 

(b)  At  the  conclusion  of  100  hours  of  aging  reverse  the  rings 
so  that  the  side  exposed  to  air  during  aging  will  now  be  exposed  to  air  during  low 
temperature  tests  and  dynamic  cycling. 

(c)  Reduce  temperature  to  -30°F  and  stabilize,  then  leak 
check  with  50  psi  steady  pressure  for  one  hour. 

(d)  Reduce  temperature  to  -65°F  and  stabilize,  then  leak 
check  with  a  2-foot  head  of  pressure  for  one  hour. 

(e)  Raise  temperature  to  275°F  within  one  hour  while  main¬ 
taining  2-foot  head.  When  temperature  is  27  5°  F  raise  pressure  to  50  psi  and 
maintain  for  30  minutes.  Allow  cylinder  to  cool  to  room  temperature. 

(f)  Install  new  MS  28774  backup  rings  on  each  side  of  speci¬ 
men  O-ring. 
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(g)  Install  test  cylinder  in  dynamic  test  fixture. 

(h)  Apply  3000  psi  continuous  pressure  and  initiate  4-inch 
total  stroke  cycling  at  30.  cycles  per  minute.  Initiate  environmental  heating  and 
effect  temperature  rise  to  +275°F  within  45  minutes  after  cycling  started.  Com¬ 
plete  5000  cycles. 


(i)  Remove  rings  from  test  fixture  and  check  compression 
set  and  hardness.  Check  for  evidence  of  abrasion  or  extrusion.  Note  leakage 
throughout  entire  test. 

(j)  Repeat  procedures  (a)  through  (i)  until  failure. 

3.  TEST  RESULTS 

Initially  MIL-P-25732  (butadiene-acrylonitrile)  compounds  and  MIL-R- 
25897  (fluoroelastomoric)  compounds  were  evaluated  from  two  qualified  sources, 
indicated  as  source  '  A"  and  source  "B"  in  this  report.  O-rings  made  from 
these  compounds  were  evaluated  under  the  static  and  dynamic  tests  previously 
described  to  establish  a  performance  standard  against  which  experimental  com¬ 
pounds  could  be  measured.  As  promising  experimental  compounds  emerged  they 
were  tested  identically  to  the  MIL  specification  compounds. 

Failure  was  considered  to  have  occurred  when  the  cumulative  leakage  of 
both  seals  in  the  test  cylinder  exceeded  100  drops  during  any  single  low  tempera¬ 
ture  and  5000  cycle  phase  of  the  complete  test. 

a.  MIL-P-25732  Compounds 

(1)  Static  Tests  Oil-Aged 

Source  "A"  compound  MIL-P-25732  failed  at  the  conclusion  of 
900  hours  of  heat-aging  at  275°F  in  MIL-H-5606  oil.  The  ring  in  the  "BM  end  of 
the  test  cylinder  cracked  during  removal  from  the  cavity.  Up  to  this  point  the 
"B"  end  ring  had  displayed  no  leakage.  The  "A"  end  exhibited  slight  seepage  at 
the  conclusion  of  the  100- ,  400- ,  and  700-hour  soaks  during  impulse  testing 
while  the  temperature  was  rising  from  -65®F  to  +275°F.  The  crack  in  the  "B"  end 
ring  is  shown  in  Figure  10. 

Source  "B"  compound  MIL-P-25732  failed  after  500  hours  at 
275°F.  Both  rings  broke  during  removal  from  the  test  fixture.  Up  to  that  point 
they  had  exhibited  only  minor  extrusion  and  zero  leakage  during  the  tests.  The 
durometer  reading  had  increased  to  82  at  the  conclusion  of  500  hours  at  temper¬ 
ature.  Figure  11  shows  the  condition  of  the  ring  at  the  conclusion  of  the  test. 

(2)  Static  Tests  -  Air-Aged 

Source  "A"  compound  MIL-P-25732  failed  at  the  conclusion  of 
300  hours  of  aging  at  275°F.  Heavy  leakage  was  noted  from  both  the  "A"  and  "B" 
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Figure  10.  Source  "A"  -  MIL- P-25732 
ORings  Tested  Statically  - 
Oil-Aged 


Figure  11.  Source  "B"  -  MIL- P-25732 
O-Rings  Tested  Statically  - 
Oil-Aged 


Figure  12.  Source  "A"  -  MIL- P-25732 
O-Rings  Tested  Statically  - 
Air-Aged 
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ends  of  the  gland  during  impulse  testing,  while  the  temperature  was  rising  from 
-65°F  to  +275°F.  This  leakage  continued  at  275°F,  and  the  test  was  terminated. 
No  leakage  had  been  experienced  at  either  -30°F  or  -65°F.  The  "B"  end  ring 
broke  while  being  removed  from  the  cavity  for  inspection.  Durometer  readings 
had  reached  79/89  (air  side  of  ring)  at  the  conclusion  of  300  hburs  of  aging. 
These  rings  are  shown  in  Figure  12. 

Source  "B"  compound  MIL-P-25732  failed  at  the  conclusion  of 
300  hours  of  testing  at  275®F.  The  ring  cracked  during  removal  from  the  cavity. 
The  durometer  reading  rose  to  89  on  the  air  side  of  the  ring,  while  remaining 
at  74  on  the  oil  side.  Figure  13  shows  the  condition  of  the  ring  at  the  conclusion 
of  the  test. 


(3)  Dynamic  Tests  -  Oil-Aged 

Source  "A"  MIL-P-25732  failed  at  the  conclusion  of  400  hours; 
source  "B"  failed  at  the  conclusion  of  500  hours.  In  both  cases,  compression 
set  had  reached  approximately  7  8%.  Several  abrasion  marks  on  the  sealing  surface 
of  the  "A"  end  of  the  source  "A"  ring  (Figure  14)  were  responsible  for  its  failure. 
The  source  "B"  rings  also  showed  some  abrasion  plus  a  tear  along  the  seam  of 
the  "B"  end  ring  (Figure  15). 

(4)  Dynamic  Tests  -  Air- Aged 

Source  "A"  and  "B"  compound  MIL-P-25732  failed  during 
dynamic  cycling  at  the  conclusion  of  200  hours  of  air-aging  at  275°F.  Compres¬ 
sion  set  in  excess  of  90%  had  occurred  on  all  rings.  Failure  resulted  from  gland 
wear,  which  generated  particles  that  subsequently  abraded  both  the  O-ring  (Figures 
16  and  17)  and  the  backup  ring.  The  backup  ring  was  extruded  and  abraded. 


b.  MIL-R-25897  Compounds 
(1)  Static  -  Oil- Aged 

Source  "A"  compound  MIL-R-25897  failed  during  impulse  test¬ 
ing  at  the  conclusion  of  100  hours  soak.  Although  these  O- rings  survived  low 
temperature  testing  at  -30°F  and  -65°F,  excessive  leakage  was  noted  during  the 
temperature  rise  to  +275°.  Both  rings  displayed  excessive  chewing.  No  signif¬ 
icant  change  in  hardness  was  noted.  The  extrusion  of  the  "A"  end  ring  is  shown 
in  Figure  18. 


Source  "B"  compound  MIL-R-25897  failed  after  200  hours  of 
oil  aging  during  the  second  impulse  pressure  test.  Excessive  leakage  was  noted 
at  -30°  F  at  50  psi  static  pressure,  and  at  275°F  during  and  after  impulse  cycling. 
These  rings  had  displayed  excessive  extrusion  after  the  first  100  hour  soak  and 
impulse  cycle.  Compression  set  had  reached  85%  average  after  200  hours.  No 
significant  change  in  hardness  was  noted.  Figure  19  shows  the  extensive  chew 
on  the  "B"  end  ring. 
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Figure  14.  Source  "A"  -  MIL- P-25732 

0-Rings  Tested  Dynamically  - 
Oil-Aged 


Figure  16.  Source  "A"  -MIL-P-25732 
O- Rings  Tested  Dynamic¬ 
ally  Air-Aged 


Figure  18.  Source  "A"  -  MIL-R-25897 
O-Rings  Tested  Statically  - 
Oil-Aged 


27 


(2) 


Static  -  Air- Aged 


Source  "A"  compound  MIL-R-25897  was  considered  to  have 
failed  at  the  conclusion  of  200  hours  of  heat-aging  with  air  on  one  side  of  the 
ring.  Heavy  leakage  was  experienced  during  impulse  cycling,  and  the  rings 
displayed  heavy  nibbling.  Figure  20  shows  the  nibbling  and  the  debris.  Compres¬ 
sion  set  had  reached  approximately  78%  at  this  point. 

Source  "B"  compound  MIL-R-25897  failed  after  100  hours  of 
aging  at  275°F  with  one  side  of  the  ring  exposed  to  fluid  and  the  other  side  exposed 
to  air.  No  leakage  was  noted  at  -30°F  or  -65°F.  However,  after  warm-up  to 
+275°F,  leakage  was  noted  from  both  rings.  At  the  conclusion  of  5000  pressure 
cycles,  both  rings  were  severely  extruded,  as  shown  in  Figure  21. 

(3)  Dynamic  -  Oil- Aged 

Source  "A"  compound  MIL-R-25897  was  considered  to  have 
failed  at  the  conclusion  of  500  hours  of  oil  aging  at  275°F  and  25,  000  dynamic 
cycles.  Excessive  leakage  was  noted  during  the  last  cold  temperature  check. 
Compression  set  had  reached  approximately  80%  and  bearing  wear  had  taken  place. 
These  rings  generally  appeared  in  good  condition,  as  shown  in  Figure  22. 

Source  "B"  MIL-R-25897  O- rings  were  considered  to  have 
failed  at  the  conclusion  of  400  hours  of  oil  aging  at  275°F  and  20, 000  dynamic 
cycles.  Leakage  had  been  increasing  progressively  since  the  200-hour  mark. 
Compression  set  (75%)  of  the  rings  permitted  wear  to  occur  on  the  bearing,  thus 
generating  metallic  particles.  These  particles  increased  the  abrasion  taking 
place  on  the  O- rings.  Several  deep  abrasion  scars  were  evident  on  the  dynamic 
sealing  surface.  One  of  these  scars  is  shown  in  Figure  23. 
in  Figure  23. 

(4)  Dynamic  -  Air-Aged 

Both  the  source  "A"  and  "B"  compound  MIL-R-25897  failed  at 
the  conclusion  of  100  hours  of  air  aging  and  500  dynamic  stroke  cycles.  In  both 
cases,  the  failure  followed  the  same  pattern;  the  backup  ring  proved  marginal, 
wearing  and  extruding  into  the  diametral  clearance  gap.  This  permitted  local 
nibbling  to  occur,  thus  providing  a  leakage  path.  These  O- rings  are  shown  in 
Figures  24  and  25. 

c.  Experimental  Compound  RAF- 17 

(1)  Static  -  Oil-Aged 

O-rings  made  from  experimental  ECD-487  compound  RAF- 17 
failed  after  the  first  100-hour  soak.  Failure  occurred  after  2000  pressure  im¬ 
pulse  cycles.  The  ring  was  severely  extruded,  indicating  the  need  for  further 
reinforcement  in  this  compound.  This  condition  is  shown  in  Figure  26.  No 
further  testing  was  conducted  on  this  compound. 
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Figure  20.  Source  "A"  -  MIL-R-25897 
O-Rings  Tested  Statically  - 
Air-Aged 


Figure  21.  Source  "B"  MIL-R-25897 
O-Rings  Tested  Statically  - 
Air  Aged 
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Figure  25.  Source  "B"  -  MIL-R-J5897 

O-Rings  Tested  Dynamically  - 
Air -Aged 


3AS-6  3A5-G 

OIL  AO L D  0IL 

STATIC  STATIC 


d.  Experimental  Compound  RAS-6 

Rings  molded  from  experimental  fluorosilicone  compound  RAS-6 
also  failed  after  the  first  100  hours  of  oil  aging.  Failure  due  to  severe  extrusion 
occurred  during  impulse  cycling.  As  in  the  case  of  the  RAF-17  O- rings,  further 
reinforcement  is  necessary.  These  rings  are  shown  in  Figure  27.  No  further 
testing  was  conducted  on  these  rings. 

e.  Experimental  Compounds  RAF- 53  and  RAF- 55 

(1)  Static  Tests  -  Oil- Aged 

Experimental  fluoroelas  tom  eric  compounds  RAF- 53  (Viton  B 
base)  and  RAF-55  (Viton  A-HV  base)  were  considered  to  have  failed  at  the  con¬ 
clusion  of  400  hours  of  oil  aging  at  275°F  and  20,  000  pressure  impulse  cycles. 

In  both  cases,  excessive  leakage  occurred  during  the  rise  from  low  to  high 
temperature.  RAF-53  had  reached  a  compression  set  of  77%;  the  RAF-55  com¬ 
pound  had  reached  only  63%  compression  set.  The  relatively  small  amount  of 
extrusion  on  these  rings  is  shown  in  Figures  28  and  29.  Further  testing  of  these 
rings  was  discontinued  in  favor  of  compound  RAF- 54,  which  displayed  superior 
performance  in  this  test.  All  three  compounds,  RAF-53,  RAF- 54,  and  RAF-55, 
were  the  result  of  reinforcement  studies  which  were  initiated  to  make  the  fluoro- 
elastomers  more  extrusion  resistant. 

f.  Experimental  Compound  RAF- 54 

(1)  Static  Test  -  Oil- Aged 

Fluoroelastomeric  compound  RAF-54  (ECD  487  HV,  Lot  B 
base)  failed  during  pressure  impulse  cycling  at  the  conclusion  of  600  hours  of 
oil  aging  at  275#F.  Failure  was  attributed  to  deep  extrusion  in  the  "A"  end 
O-ring  as  shown  in  Figure  30.  Compression  set  had  reached  77%  at  the  conclu¬ 
sion  of  600  hours  of  oil  aging. 

(2)  Static  Test  -  Air- Aged 

Air  aging  tests  of  ECD-487  compound  RAF-54  have  reached 
the  1000  hour  mark.  Fifty  thousand  static  pressure  impulse  cycles  and  associ¬ 
ated  low  temperature  tests  have  been  completed.  Compression  set  reached  81% 
and  the  durometer  reading  was  77  at  the  conclusion  of  the  test.  These  rings 
are  shown  in  Figure  31. 

(3)  Dynamic  -  Oil- Aged 

Oil  aged  compound  RAF-54  O- rings  failed  at  the  conclusion  of 
400  hours  of  oil  aging  and  20,000  dynamic  stroke  cycles.  Failure  at  the  "B"  end 
seal  resulted  from  a  tear  about  1/4-inch  long,  as  shown  in  Figure  32  which 
started  along  the  seam  of  the  inside  diameter  of  the  ring,  and  then  extended 
slightly  outward.  The  "A"  end  seal  continued  to  seal  effectively;  however,  a 
slight  indentation  was  evident  along  the  inside  diameter  of  the  seal. 
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Figure  33.  Compound  RAF-54  O-Rings 
Tested  Dynamically  - 
Air-Aged 


(4) 


Dynamic  -  Air-Aged 


Figure  33  shows  air- aged  RAF- 54  O- rings  which  failed  at  the 
conclusion  of  500  hours  of  air  aging  at  275°F  and  25,000  dynamic  stroke  cycles. 
Excessive  leakage  was  noted  from  the  "B"  end  of  the  gland,  although  the  ring 
appeared  in  good  condition,  and  compression  set  was  71%.  The  "A"  end  seal 
exhibited  a  shallow  tear  1/4-inch  long  on  the  dynamic  sealing  diameter.  (See 
Figure  33.) 

g.  Experimental  Compound  RAK-3 

(1)  Static  Tests  -  Oil-Aged 

Hydrin  200  compound  RAK-3  completed  1000  hours  of  oil 
aging  at  275°F  and  50, 000  static  pressure  impulse  cycles  and  associated  low 
temperature  tests  (Figure  34).  Compression  set  has  reached  89%  at  the  con¬ 
clusion  of  1000  hours,  and  the  durometer  reading  was  79. 

(2)  Static  Tests  -  Air- Aged 

O- rings  formulated  from  compound  RAK-3  failed  at  the  conclu¬ 
sion  of  700  hours  of  air  aging  at  275°F  and  34,  000  pressure  impulse  cycles. 
Excessive  leakage  occurred  steadily,  at  this  time.  Severe  nibbling  had  occurred 
in  the  "B"  end  ring.  The  compression  set  of  both  rings  had  attained  88%.  The 
durometer  reading,  which  was  81  originally,  had  dropped  to  76  in  the  MB"  end 
ring  and  79  in  the  "A"  end  ring.  These  rings  are  shown  in  Figure  35. 

(3)  Dynamic  Tests  -  Oil- Aged 

Oil-aged  compound  RAK-3  O-rings  were  considered  to  have 
failed  at  the  conclusion  of  700  hours  at  275°F  and  35, 000  dynamic  stroke  cycles 
and  associated  low  temperature  checks.  Heavy  compression  set  coupled  with 
abrasion  In  he  sealing  surface  permitted  excessive  leakage  to  occur.  The  duro¬ 
meter  dings  dropped  to  71  on  the  "B"  ring  and  75  on  the  "A"  ring.  Other 
prop1  '■  lies  had  probably  dropped  appreciably  since  the  durometer  indenter  marks 
reman  ed  on  the  surface  of  the  ring,  as  shown  in  Figure  36. 


(4)  Dynamic  Tests  -  Air-Aged 


Compound  RAK-3  O-rings  were  considered  to  have  failed  at 
the  conclusion  of  600  hours  of  air  aging  at  275°  and  30, 000  dynamic  stroke  cycles. 
Excessive  leakage,  apparently  due  to  extensive  compression  set  coupled  with 
abrasion  marks  (Figure  37)  on  the  sealing  surface,  was  experienced  during  the 
last  5000  dynamic  cycles. 

A  chart,  Figure  38  summarizes  the  leakage,  compression 
set  characteristics,  and  performance  life  of  all  the  compounds  tested. 

h.  Long  Term  Compression  Set  Tests 

One  thousand-hour  oil-aged  tests  in  a  MIL-P-5514  cavity  without  inter¬ 
mittent  impulse  cycling  were  conducted  on  a  MIL-R-25897  compound,  RAF-17,  an 
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Figure  34.  Compound  RAK-3  O-Rings 
Tested  Statically  - 
Oil- Aged 


Figure  35.  Compound  RAK-3  O-Rings 
Tested  Static  a  ly  - 
Air-Aged 


Figure  36.  Compound  RAK-3  O-Rings 
Tested  Dynamically  - 
Oil -Aged 
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Figure  37.  Compound  RAK-3  O-Rings 
Tested  Dynamically  - 
Air-Aged 


ECD-487  compound,  and  RAK-4  (a  Hydrin  200  compound),  with  a  212°F  second¬ 
ary  cure.  Data  for  compound  RAK-3  was  taken  from  the  impulse  tests.  The 
data  does  not  indicate  any  clear  advantage  for  any  of  the  compounds  past  the 
400  hour  mark.  The  condition  of  the  RAK-4  ring  was  extremely  poor  at  the 
conclusion  of  1000  hours.  Its  durometer  reading  had  dropped  to  52  on  one  of 
the  rings,  68  on  the  other.  Many  cracks  were  evident  on  both  rings.  The 
RAK-3  rings  although  enduring  static  impulse  tests  were  in  better  condition 
with  a  durometer  reading  of  79.  Both  the  RAF- 17  and  the  MIL-R-25897  rings 
appeared  in  good  condition  with  negligible  change  in  durometer  reading  (refer 
to  Figure  39). 

i.  Backup  Rings 

MS28774  backup  rings,  which  were  used  in  the  dynamic  O-ring  tests, 
have  displayed  poor  performance.  Figure  40  depicts  the  typical  condition  of  four 
backup  rings  after  5000-dynamic  cycles.  Specifically,  the  figure  shows  how  the 
rings  extruded  easily  into  the  diametral  clearance  gap,  and  often  fail  to  support 
the  O-ring.  For  this  reason  new  MS28774  backup  rings  were  then  used  prior  to 
each  5000-dynamic  stroke  cycle. 

Contract  N156-41574  reported  the  development  of  an  improved  back¬ 
up  ring.  This  ring  was  fabricated  from  a  reinforced  Teflon  compound  produced 
by  the  Dixon  Corporation,  Bristol,  Rhode  Island.  In  addition  to  the  material 
change,  minor  alterations  were  made  in  the  geometry  of  the  ring.  Since  the 
intent  of  AF33(615)-1668  is  to  produce  a  better  sealing  system  for  3000  psi 
Type  II  hydraulic  systems,  it  appeared  that  the  evaluation  of  O-ring  performance 
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DYNAMIC  O-RINU  STATIC  O-RING 

EVALUATIONS  EVALUATIONS 

Houn  of  Aging  at  275*F  Hours  of  Aging  it  275*F 


A  Ring  cracked  during  removal  from  gland 

B  Leakage  moderate,  however,  the  ring  was  chewed  over  its  entire  sealing  surface.  Rubber  particles 
in  the  diametrical  clearance  gap  inhibited  massive  leakage. 

C  Complete  failure  of  ring  due  to  extrusion 

(D)  Leakage  valves  given  for  one  ring  only.  "B"  end  O-ring  was  established  to  be  in  an  improper  state  of  cure. 

E  Heavy  seepage  throughout  all  low  temperature  tests.  Exact  leakage  not  recorded. 

¥  Durometer  dropped  to  66.  Many  small  cracks  similar  to  "flex  cracks"  evident.  Ring  not  tested  dynamically 
after  last  aging  period. 

H  Heavy  leakage 

Figure  38.  Summary  Chart  of  O-Ring  Performance 
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Compression  Set  (%) 


Figure  39.  Long-Term  Compression  Set  Characteristics  for  MIL-R-25897, 
RAF- 17,  RAK-3  and  RAK-4  Compounds 


in  conjunction  with  the  improved  backup  rings  would  be  in  the  best  interest  of 
the  program.  The  Dixon  Corporation  supplied  Republic  with  a  quantity  of  these 
rings.  They  were  evaluated  in  dynamic  cycling  tests  identical  to  those  previously 
conducted.  Unfortunately,  a  lack  of  time  precluded  extensive  testing  of  these 
rings. 


After  20,  000  cycles  these  Dixon  rings  showed  only  minor  extrusion. 
The  19  degree  scarf  angle  permits  the  backup  ring  to  mate  more  smoothly. 
Apparently  this  material  has  a  lower  coefficient  of  thermal  expansion,  for  the 
characteristic  overlap  of  MS28774  backup  rings  at  the  scarf  cut  and  resulting 
indentation  in  the  O-ring  were  completely  absent.  Although  the  evaluation  of 
these  reinforced  Teflon  backup  rings  was  not  as  extensive  as  might  be  desired^ 
it  was  strongly  indicated  that  they  will  probably  provide  superior  service  as 
backup  rings. 


Figure  40.  Typical  MS28774  Backup  Rings  After  5000  Cycles  at  275°F 
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SECTION  IV 
CONCLUSIONS 


For  3000  psi  service  in  hydraulic  systems  using  MIL- H- 5606  fluids  at 
275°F,  MIL-P-25732  O- rings  that  receive  some  exposure  to  air  indicate  a  life 
between  2C0  and  300  hours.  Compression  set  is  almost  100%  under  these  condi¬ 
tions,  and  the  rings  become  brittle.  When  used  in  applications  where  they 
receive  little  or  no  exposure  to  air,  their  service  life  appears  to  be  closer  to 
500  hours,  and  compression  set  is  substantially  reduced. 

MIL- R-2 5897  compounds  used  under  identical  conditions  display  inadequate 
extrusion  resistance  and  poor  low  temperature  performance.  Compression  set 
accumulates  rapidly  and  seal  life  may  be  as  low  as  100  hours  when  one  side  of 
the  O-ring  is  exposed  to  air. 

Two  experimental  compounds  were  developed  and  tested  that  appear  superior 
to  either  of  the  aforementioned  compounds.  These  experimental  compounds  evi¬ 
dently  present  better  balances  of  desirable  qualities,  as  demonstrated  by  their 
greater  functional  life. 

Compound  RAF- 54  utilized  ECD-487,  a  low  temperature  Viton  polymer 
produced  by  E.  I.  DuPont  de  Nemours  &  Co.  Although  no  appreciable  improve¬ 
ment  in  compression  set  was  realized,  its  bdtter  low  temperature  flexibility 
provided  adequate  low  temperature  sealing.  The  compound  had  been  formulated 
to  be  more  extrusion  resistant  than  the  MIL-R-25897  compounds,  and  thus  pro¬ 
vided  improved  performance.  Exposure  to  air  seemed  to  have  little  effect  on  the 
performance  of  the  seals.  They  appear  capable  of  500  hours  of  life  under  these 
conditions  in  comparison  to  400  hours  when  aged  completely  in  oil. 

Compounds  were  produced  using  Hydrin  200,  an  epichlorohydrin  copolymer, 
produced  by  the  B.  F.  Goodrich  Company.  The  original  -65°F  sealing  capability 
of  the  epichlorohydrin  O- rings  is  not  superior  to  the  MIL-P-25732  buna  N  com¬ 
pounds,  but  it  is  expected  to  be  superior  after  aging  at  275°F  has  been  experienced. 
Compound  RAK-3  displayed  600  hours  life  with  air  exposure  jind  700  hours  with 
oil.  Compression  set  with  air  exposure  accrued  relatively  si  >wly,  approaching 
90%.  It  did  exhibit  a  tendency  to  soften  after  long  periods  at  275°F  in  MIL-H-5606 
oil. 


Hydrin  200  is  a  new  polymer  on  which  only  a  limited  number  of  formulations 
were  conducted.  Thus  it  is  highly  probable  that  further  property  improvement 
can  be  achieved  through  additional  compounding  and  through  cure  schedule  studies 
as  well.  Compound  RAK-2G  indicated  that  secondary  cures  at  300°F  can  be  of 
value  in  reducing  compression  set.  Although  not  subjected  to  functional  tests, 
the  physical  property  data  indicated  that  compound  RAK-26  should  perform  well. 
Its  low  elongation  did  not  permit  establishing  a  TR-10  value;  however,  it  probably 
possessed  good  low  temperature  flexibility.  Hydrin  200  appears  to  be  the  most 
promising  material  since  it  is  easily  processed,  moderate  in  cost,  and  should 
be  available  in  production  quantities  in  the  future. 
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In  summary,  performance  evaluations  of  the  epichlorohydrin  O- rings  indi¬ 
cated  that  an  increase  in  service  life  of  50  to  100%  can  be  expected  over  buna  N 
compounds  under  static  and  dynamic  conditions  when  completely  immersed  in 
hydraulic  fluid.  In  addition,  100  to  200%  increase  in  service  life  can  be  expected 
when  the  seals  are  partially  exposed  to  air.  There  is  no  increase  in  life  for  the 
ECD-487  over  buna  N  when  completely  immersed  in  hydraulic  fluid,  but  there  is 
an  increase  of  150  to  300%  when  partially  exposed  to  air. 

A  plasticizer  with  low  volatility  is  not  currently  available,  but  would  pro¬ 
vide  a  valuable  tool  with  which  the  compounder  could  produce  more  versatile 
rubber  compounds. 

The  failure  mechanism  of  dynamic  seals  is  worthy  of  review,  since  it  points 
the  direction  for  improving  the  seal  life.  The  failure  sequence,  described 
below,  has  been  quite  apparent  during  the  course  of  the  current  program.  When 
the  O-ring  is  new  and  has  good  physical  properties,  it  aids  in  centering  the  piston 
rod  in  the  gland  bore,  thus  acting  as  a  bearing.  The  diametral  clearance  between 
the  piston  rod  and  the  gland  shoulder  can  be  as  large  as  0. 006  inch  for  a  standard 
one-inch  rod  seal  configuration.  As  time-at-temperature  accrues,  compression 
set  of  the  O-ring  progressively  decreases  its  ability  to  center  the  piston  rod. 

Side  loads  on  the  rod  increase  the  stress  level  on  one  side  of  the  O-ring,  inducing 
further  compression  set.  As  a  result,  the  chrome  plated  steel  piston  rod 
eventually  rests  solidly  on  the  metal  gland  shoulder  and,  under  dynamic  stroking, 
wear  particles  are  generated.  In  the  test  program  these  wear  particles  wore 
observed  being  driven  across  the  sealing  surface  and  abrading  the  O-ring. 

This  condition  is  further  aggravated  when  the  backup  ring  extrudes  into  the 
diametral  clearance  gap.  If  extrusion  were  to  occur  symmetrically  around  the 
circumference  of  the  gland  bore,  the  result  might  be  beneficial,  since  it  would 
now  tend  to  act  as  a  good  low-friction  bearing  surface.  However,  extrusion  is 
usually  asymmetrical,  thus  wedging  the  piston  rod  hard  against  the  gland  shoulder. 
Subsequent  dynamic  cycling  generates  additional  wear  particles  because  of  the 
increased  side  force  resulting  from  this  wedging  action.  It  has  been  found  that 
the  greatest  amount  of  O-ring  abrasion  is  caused  by  the  presence  of  wear  particles, 
rather  than  by  direct  rubbing  of  the  rod  on  the  O-ring.  Thus,  if  gland  wear  can 
be  minimized,  major  reductions  in  abrasion  should  result. 

MS28774  backup  rings  that  were  used  in  conjunction  with  the  dynamic  tests 
proved  marginal.  They  rapidly  extruded  into  the  clearance  gap  and,  in  some  cases, 
total  failure  occurred.  This  deficiency  was  circumvented  during  testing  by  re¬ 
placing  them  periodically  (every  5000  cycles).  However,  it  seems  probable  that, 
in  actual  field  service,  backup  ring  failure  often  precedes  O-ring  failure.  The 
reinforced  Teflon  backup  rings  that  were  evaluated  at  the  conclusion  of  the  pro¬ 
gram  appear  distincly  superior  to  the  existing  backup  rings. 
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SECTION  V 
RECOMMENDATIONS 


Additional  formulations  with  the  Hydrin  200  copolymer  appear  to  be  in 
order.  The  limited  number  of  trials  (30)  with  this  material  have  undoubtedly 
not  fully  exploited  its  potential.  Particular  emphasis  should  be  placed  on  tech¬ 
niques  to  improve  compression  set  resistance  and  heat  resistance.  Secondary 
oven  cures  have  shown  promise  in  improving  the  latter  property.  The  use  of 
Hydrin  200  O- rings  in  conjunction  with  reinforced  Teflon  backup  rings  in  actual 
applications  should  also  be  investigated. 

Compression  set  effects  can  be  partially  circumvented  with  improved  piston 
rod  bearings  that  take  out  side  loads  and  rod  deflection.  This  would  minimize  the 
generation  of  abrasive  gland  wear  particles,  thus  reducing  O-ring  abrasion  and 
permitting  the  ring  to  seal  effectively  even  though  some  compression  set  had  taken 
place.  Investigations  should  be  conducted  to  determine  the  most  suitable  materials, 
clearances,  and  installation  techniques  for  these  piston  rod  bearings.  Carbon 
graphites,  polyimide  resins  (loaded  and  unloaded)  and  loaded  teflons  all  appear  to 
be  candidate  materials.  Judicious  matching  of  bearing  material  to  the  gland  and 
the  piston  rod  would  provide  minimum  differential  expansion  changes  in  running 
clearances  over  the  temperature  range  (-65°  to  +275°F).  The  findings  of  this 
investigation  should  then  be  incorporated  in  MIL-C-5503,  the  governing  Military 
Specification  for  aircraft  hydraulic  cylinders. 

The  range  of  finishes  of  the  piston  rod  should  also  be  more  precisely  speci¬ 
fied.  MIL-P-5514  currently  permits  a  16  rms  (maximum)  surface  finish  for 
both  the  cylinder  bore  and  the  piston  rod.  Normal  practice  is  to  specify  a  value 
between  8  and  16  rms,  a  significant  variation.  The  effects  of  surface  finish  pat¬ 
tern  should  also  be  investigated.  The  pattern  of  surface  finish  resulting  from 
grinding  is  necessarily  short  pitched  in  comparison  to  that  produced  by  honing  or 
lapping.  It  is  believed  that  such  grind  patterns,  even  though  of  equivalent  measured 
surface  finish  to  a  honed  or  lapped  rod,  may  be  significantly  more  detrimental 
to  packing  and  bearing  life.  Important  results  of  these  investigations  could  be 
reflected  in  MIL-P-5514. 

Loaded  Teflon  backup  rings  with  better  extrusion  resistance  than  existing 
MS28774  rings  have  already  been  developed  under  BuWeps  Contract  N156041574. 
These  should  be  combined  with  the  sealing  advances  resulting  from  AF33(615)-1668. 

Contract  AF33(615)-1668  has  also  indicated  the  need  for  a  non-volatile 
plasticizer  that  would  impart  good  low  temperature  flexibility  to  elastomers. 

Such  a  material  could  extend  the  service  life  of  butadiene-acrylonitrile  and  epich- 
lorohydrin  compounds  and  allow  fluoroelastomers  and  polyacrylates  to  have  im¬ 
proved  flexibility  even  after  the  normal  high  temperature  secondary  oven  cures. 

Such  a  program  might  commence  with  a  volatility  and  solubility  study  of 
existing  plasticizers  and  then  be  extended  to  related  derivatives  of  die  most 
promising  candidates.  Organic  chemicals  net  normally  classified  as  plasticizers, 
but  which  may  be  applicable,  should  also  be  included  in  such  a  study. 
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APPENDIX  I 
Proposed 

MILITARY  SPECIFICATION 

PACKING,  PREFORMED,  PETROLEUM  HYDRAULIC  FLUID 

RESISTANT,  275°F 


1.  PURPOSE 

1.1  This  document  cutlines  proposed  test  methods  for  the  qualification  of  O-ring 
packings  intended  for  use  in  aircraft  hydraulic  systems  utilizing  MIL-H-5606  fluid 
at  rated  service  pressures  up  to  3000  psi  and  temperatures  ranging  from  -65°F  to 

+  275°F.  It  will  also  serve  as  the  basis  for  the  future  preparation  of  a  complete 
packing  specification  after  basic  elastomer  types  have  been  established  by  capability 
of  performance. 

2.  REFERENCE  DOCUMENTS 

MIL-P-5514 

MIL-P-25732 

MIL-H-5606 

ASTM  D1414,  ASTM  D676,  ASTM  D471 

MS 28775  (Note:  This  standard  is  referred  to  for  the  purpose  of 
defining  O-ring  sizes  and  tolerances  only.) 

3.  REQUIREMENTS 

3. 1  The  items  utilized  in  the  tests  covered  in  this  specification  shall  be  fabricated 
from  materials  appropriate  for  use  in  MIL-H-5606  hydraulic  fluid.  These  materials 
shall  contain  no  substance  which,  when  in  contact  with  the  fluid,  will  adversely 
affect  the  properties  of  the  fluid  or  the  packings. 

3.2  The  packing  material  shall  be  homogenous  to  ensure  uniformity  of  character¬ 
istics  as  determined  by  the  physical  properties. 

4.  DESIGN  AND  CONSTRUCTION 

5.  QUALIFICATION  TESTS 

5.1  Sampling  Instructions  -  Qualification  test  samples  shall  consist  of  O-ring 

packing  sizes  per  MS  28775-214  size  plus  6  ASTM  Hardness  Test  Discs  1/4"  thick 
by  1"  dia.  The  quantity  of  packings  to  be  used  is  shown  in  Table  1. 
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Table  I 


Test  Samples  Required  for  Qualification  Testing 


Aging  Condition 

Physical  Properties  Test  for: 

No.  of  samples  of 
MS2877  5-2  14  O- rings 

Unaged 

Specific  gravity. 

2 

Tensile  strength,  ultimate  elongation, 
and  tensile  stress  (modulus). 

Hardness* 

3 

Temperature  retraction,  50  percent 
elongation  and  10  percent  return. 

2 

Air-aged 

96  hrs  @  27  5°F 

Tensile  strength  and  elongation 
Hardness* 

3 

Oil- aged 

168  hrs  @  27  5° F 
MIL-H-5606  oil 

Tensile  strength,  elongation,  and 
tensile  stress  (modulus) 

Hardness* 

3 

Volume  change**  (MxL-H-5606  oil) 

4 

Air-aged 

j  70  hrs  @  275°F 

Permanent  set  (compressive) 

2 

_ 1 

*  Hardness  tests  to  be  performed  on  test  plugs  as  specified  in  paragraph  6.  3 
(6  plugs  required) 

**  Use  rings  from  specific  gravity  test 

Note:  The  original  and  final  physical  properties  as  well  as  the  performance  tests 
are  of  prime  importance.  Additional  testing  related  to  corrosion  and  ad¬ 
hesion  as  specified  in  MIL-P-25732  will  be  developed  as  necessary.  The 
sizes  and  numbers  of  O-ring  test  samples  may  be  changed  as  details  of 
test  fixtures  are  finally  developed. 
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Table  II 


Original  Physical  Properties 

Hardness  at  75°  ±  5°F  -  7  0  min. 

(Shore  A  durometer  points) 

Tensile  strength  (psi)  -  1800  psi  min. 

Tensile  stress  (modulus)  -  1100  psi  min. 

At  100%  elongation  (psi) 

Ultimate  elongation  (percent)  -  150  min. 

Temperature  retraction,  - . .  •  •  — .  -45°F  max. 

50  percent  elongation  and 
10  percent  return 

Volumetric  change  after  aging  - - -  0  to  +  15 

in  hydraulic  oil  (percent) 

Permanent  set  (compressive)  50  max. 

(percent) 

Other  properties  - -  - - —  As  determined 


6.  TEST  METHODS 

6. 1  The  qualification  tests  of  hydraulic  packing  shall  consist  of  tests  to  deter¬ 
mine  the  following  properties. 

Specific  gravity 
Tensile  strength 
Ultimate  elongation 
Tensile  stress  (modulus) 

Permanent  set  in  compression 
Temperature  retraction 
Hardness 
Volume  swell 

6.2  The  physical  properties  listed  in  Table  I  shall  be  determined  from  aged  and 
unaged  samples  by  the  methods  described  in  the  following  paragraphs.  The  aging 
conditions  are  described  in  Table  I.  The  manufacturers  shall  report  all  values. 
This  shall  be  done  during  qualification  tests  only. 

6. 3  Hardness  of  the  compound  shall  be  determined  in  accordance  with  ASTM 
Method  D676. 

6.3.1  These  hardness  checks  shall  be  made  with  the  sample  at  room  tempera¬ 
ture,  +  70°F  (±  5°F). 
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6.4  Tensile  strength,  ultimate  elongation,  tensile  sness  (modulus)  and  perma¬ 
nent  se£  for  the  material  shall  be  conducted  on  actual  qualification  samples  sub¬ 
mitted  for  test.  The  quantities  and  sizes  of  the  samples  to  be  tested  shall  be  as 
specified  in  Table  I  and  Paragraph  5. 1. 

6.4. 1  Tensile  strength  shall  be  determined  in  accordance  with  ASTM  Method 
D1414. 

6.4.2  Ultimate  elongation  shall  be  determined  in  accordance  with  ASTM  Method 
D1414. 

6.4.3  Tensile  stress  (modulus)  at  100%  elongation  shall  be  determined  in  accord¬ 
ance  with  ASTM  Method  D1414. 

6.  5  Permanent  set  (compressive)  shall  be  determined  in  the  manner  described 
in  ASTM  Method  D1414. 

6.6  Volume  change  shall  be  determined  as  specified  in  ASTM  Method  D471  after 
aging  for  168  hours  in  MIL-H-5606. 

6.7  Specific  gravity  shall  be  determined  from  the  finished  O-ring  samples  in 
accordance  with  ASTM  Method  D1414. 

6.8  Temperature  retraction  tests  on  samples  are  to  be  conducted  in  accordance 
with  ASTM  Method  D1414. 


7.  PERFORMANCE  TESTING 

The  performance  tests  shall  consist  of  the  test  sequences  as  outlined  in 
the  following  paragraphs.  All  of  these  tests  shall  be  performed  with  the  sample 
packings  assembled  in  test  fixtures  similar  in  design  and  construction  to  those 
shown  in  Figures  1,  2,  and  3.  The  temperatures  of  the  packing  test  fixtures 
shall  be  determined  by  the  suitable  placement  of  thermocouples. 

7. 1  Static  Seal  Tests 

7.1.1  Oil- Aging  Tests 

7. 1. 1. 1  Install  MS  287  7  5--2  14  size  packings  in  a  test  cylinder  similar  to  that 
shown  in  Figure  1. 

7. 1. 1.2  Soak  the  packing  in  MIL-H-5606  oil  at  275  ±5°F  for  100  hours  while 
installed  in  the  test  cylinder.  Ensure  that  the  rings  are  completely  surrounded 
by  oil  and  that  no  air  pockets  exist.  At  the  conclusion  of  100  hours  remove  the 
test  cylinder  from  the  oil  bath. 
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8-16 


.9975  dia* 


Piston  Rod 

Material  4140  or  4340  steel  harden 
&  temper  to  tensile  strength  180, 000  - 
195, 000  psi  per  MIL-H-6875.  Hard  chrome 
plate  per  MIL-P-6871  Type  II  Class  B 
directly  on  steel,  maximum  rate  of  deposit 


Detail  "A"  (Typical) 

Cylinder  Body  Material  Aluminum  Alloy 
7075-T6-QQ-A-282  or  2024-T6  QQ-A-268 

Figure  1.  Static  Test  Cylinder 
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Figure  2,  Air  Aging  System 
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MS  28775-214  size  seal  (2)  Pressure  port  -  one  side  End  caps  (2)  make 

Pillow  blocks  >vMS 28774-214  backup  ring  (4)  \ thermocouple  port- other  side  \  from  AN  818-24  nut 
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7.1.1. 3  Install  the  test  cylinder  in  a  static  test  system  capable  of  attaining  the 
environmental  requirements  of  -65°F  and  +275°F.  This  system  should  also  provide 
a  source  of  MIL-H-5606  fluid  and  a  valving  system  which  can  vary  the  applied 
pressure  from  0-75  psi  to  3000  ±  50  psi  at  a  rate  of  30  cycles  per  minute.  The 
rate  of  rise  of  pressure  shall  be  25,000  psi/second  minimum.  The  test  cylinder 
should  be  completely  full  of  oil.  The  source  of  MIL-H-5606  fluid  should  be  con¬ 
nected  to  the  pressure  port  of  the  test  cylinder.  Suitable  means  for  collecting 

and  measuring  leakage  from  the  packings  during  testing  shall  be  provided. 

7.1. 1.4  Lower  the  temperature  of  the  test  cylinder  to  -30°F  and  stabilize,  then 
leak  check  with  50  psi  steady  pressure  for  one  hour. 

7. 1.1. 5  Reduce  temperature  to  -65°  and  stabilize,  then  leak  check  with  a  2-foot 
head  of  pressure  for  one  hour. 

7.1.1. 6  Initiate  pressure  cycling  from  0-75  psi  to  3000  psi  at  30  ±  5  cycles  per 
minute  and  initiate  environmental  heating.  Accomplish  temperature  rise  to  +  27  56F 
within  40  minutes  and  stabilize.  Complete  a  total  of  10,000  pressure  cycles. 

7. 1.1. 7  Leakage  shall  be  recorded  throughout  the  entire  test.  Leakage  in  excess 
of  100  drops  from  both  ends  of  the  test  cylinder  during  steps  7. 1. 1. 4,  7. 1. 1. 5, 
and  7. 1. 1.6  shall  be  considered  a  failure. 

7. 1.1. 8  Steps  7. 1.1. 2,  7. 1.1.3,  7. 1.1. 4,  7. 1.1.5,  7. 1. 1. 6  and  7. 1. 1.7  shall 
all  be  repeated  5  additional  times. 

7.1.2  Air- Aging  Tests 


7.1.2. 1  Install  MS 28775-214  size  packings  in  a  test  cylinder  similar  to  that 
shown  in  Figure  1.  Connect  the  air  inlet  line  to  the  pressure  port.  Connect  the 
air  outlet  line  to  the  thermocouple  port.  Submerge  the  test  fixture  MIL-H-5606 
oil  and  age  for  100  hours  at  275°F.  Ensure  that  air  is  circulating  through  the 
internal  cavity  during  the  aging  period  by  putting  the  air  outlet  line  into  an  oil 
trap  where  a  bubble  rate  of  60  bubbles  per  minute  is  visible.  The  system  is 
shown  in  Figure  2. 

7. 1.2.2  At  the  conclusion  of  100  hours  of  aging,  reverse  the  O- rings  in  the  cavity 
so  that  the  side  exposed  to  air  during  aging  will  now  be  exposed  to  air  during  pres¬ 
sure  cycling. 

7. 1.2. 3  Install  the  test  cylinder  in  the  static  test  system  described  in  7. 1.1. 3. 

7. 1.2.4  Lower  the  temperature  of  the  test  cylinder  to  -30°F  and  stabilize;  then 
leak  check  with  50  psi  steady  pressure  for  one  hour. 

7. 1.2.  5  Reduce  the  temperature  to  -65°  and  stabilize;  then  leak  check  with  a 
2-foot  head  of  pressure  for  one  hour. 
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7. 1.2.6  Initiate  pressure  cycling  from  0-75  psi  to  3000  psi  at  30  ±  5  cycles 
per  minute  and  initiate  environmental  heating.  Accomplish  temperature  rise  to 

+  275°F  within  40  minutes  and  stabilize.  Complete  a  total  of  10,000  pressure  cycles. 

7. 1.2.7  Leakage  shall  be  recorded  throughout  the  entire  test.  Leakage  in  excess 
of  100  drops  from  both  ends  of  the  test  cylinder  during  steps  7. 1.2.4,  7. 1.2.  5  and 

7. 1.2.6  shall  be  considered  a  failure. 

7. 1.2. 8  Reverse  the  O- rings  in  the  static  test  cylinder  so  that  the  side  exposed  to 
air  during  aging  will  again  be  exposed  to  air  during  the  next  aging  period. 

7. 1.2.9  Steps  7. 1.2.1,  7. 1.2.2,  7. 1.2.3,  7. 1.2.4,  7. 1.2. 5,  7. 1.2.6,  7. 1.2.7 
and  7. 1.2. 8  shall  all  be  repeated  5  additional  times. 

7.2  Dynamic  Seal  Tests 

7.2.1  Oil-  Aging  Tes  ts 

7. 2. 1.1  Install  MS 2 877 5-214  size  packings  in  a  test  cylinder  similar  to  that 
shown  in  Figure  1. 

7 . 2. 1. 2  Soak  packings  in  MIL-H-5606  oil  at  +  275  ±  5°F  for  100  hours  while 
installed  in  the  test  cylinder  without  backup  rings.  Ensure  that  the  rings  are 
completely  surrounded  by  oil  and  that  no  air  pockets  exist.  At  the  conclusion 
of  100  hours  remove  the  test  cylinder  from  the  oil  bath. 

7 . 2. 1. 3  Install  the  test  cylinder  in  a  static  test  system  similar  to  that  described 
in  paragraph  7.1. 1.3. 

7.2. 1.4  Reduce  the  temperature  of  the  test  cylinder  to  -30°F  and  stabilize;  then 
leak  check  with  50  psi  steady  pressure  for  one  hour. 

7 . 2. 1. 5  Reduce  the  temperature  to  -65°F  and  stabilize;  then  leak  check  with  a 
2-foot  head  of  pressure  for  one  hour. 

7. 2. 1.6  Allow  the  test  cylinder  to  return  to  room  temperature. 

7.2. 1.7  Remove  the  specimen  O-rings  from  the  static  test  cylinder  and  install 
them  in  a  dynamic  test  cylinder,  similar  to  that  shown  in  Figure  3,  with  unused 
MS28774-214  backup  rings  on  each  side  of  the  O-rings. 

7. 2. 1. 8  Install  the  test  cylinder  in  a  dynamic  test  system.  The  dynamic  test 
system  shall  be  capable  of  attaining  the  environmental  requirements  of  -65°F 
and  +  275°F,  This  system  shall  have  a  source  of  MIL-H-5606  fluid  and  the  ability 
to  maintain  this  fluid  at  pressures  up  to  3000  psi.  The  test  system  shall  also  have 
the  ability  to  stroke  the  piston  rod  for  a  total  stroke  of  4  inches.  Suitable  means 
for  collecting  and  measuring  leakage  from  the  packings  during  testing  shall  be 
provided. 
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7. 2. 1.9  Reduce  the  temperature  of  the  test  cylinder  to  -65°F  and  stabilize. 

7.2.1.10  Apply  3000  psi  continuous  pressure  and  initiate  4-inch  total  stroke 
cycling  at  30  cycles  per  minute.  Initiate  environmental  heating  and  effect  tempera¬ 
ture  rise  to  +275°F  within  one  hour  after  cycling  is  started.  Maintain  +275°F 
temperature.  Complete  10, 000  dynamic  stroke  cycles. 

7.2.1. 11  Leakage  shall  be  recorded  throughout  the  entire  test.  Leakage  in 
excess  of  100  drops  from  both  ends  of  the  test  cylinder  during  steps  7. 2. 1.4, 

7.2.1.  5,  and  7.2.1.10  shall  be  considered  a  failure. 

7.2.1.12  Steps  7.2. 1. 1,  7. 2. 1.2,  7.2. 1.3,  7. 2. 1.4,  7. 2. 1. 5,  7. 2. 1. 6, 

7. 2. 1.7,  7. 2. 1.8,  7.2. 1.9,  7.2.1.10,  and  7.2. 1, 11  shall  all  be  repeated  4 
additional  times. 

7.2.2  Air- Aging  Tests 

7.2.2. 1  Install  MS28775-214  size  packings  in  a  test  cylinder  similar  to  that 
shown  in  Figure  1.  Connect  the  air  inlet  line  to  the  pressure  port.  Connect  the 
air  outlet  line  to  the  thermocouple  port.  Submerge  the  test  fixture  in  MIL- H- 5606 
fluid  and  age  for  100  hours  at  275°F.  Ensure  that  air  is  circulated  throughout 

the  internal  cavity  during  the  aging  period  by  putting  the  air  outlet  line  into  an 
oil  trap  where  a  bubble  rate  of  60  bubbles  per  minute  is  visible.  The  system  is 
shown  in  Figure  2. 

7. 2. 2. 2  At  the  conclusion  of  100  hours  of  aging,  reverse  the  O- rings  so  that 
the  side  exposed  to  aging  will  now  be  exposed  to  air  during  the  low  temperature 
leakage  checks. 

7.2.2. 3  Install  the  test  cylinder  in  a  static  test  system  similar  to  that  described 
in  7.1. 1.3. 

7. 2.2.4  Reduce  the  temperature  of  the  test  cylinder  to  -30°F  and  stabilize;  then 
leak  check  with  50  psi  steady  pressure  for  one  hour. 

7.2.2.  5  Reduce  the  temperature  to  -65°F  and  stabilize;  then  leak  check  with  a 
2-foot  head  of  pressure  for  one  hour. 

7. 2.2. 6  Allow  the  test  cylinder  to  return  to  room  temperature. 

7. 2.2.7  Remove  the  specimen  O- rings  from  the  static  test  cylinder  and  install 
them  in  a  dynamic  test  cylinder,  similar  to  that  shown  in  Figure  3,  with  unused 
MS  28774-214  backup  rings  on  each  side  of  the  O- rings.  Ensure  that  the  side  of 

the  Oring  which  was  exposed  to  air  during  aging  and  low  temperature  tests  remains 
exposed  to  air  during  dynamic  cycling. 

7.2.2. 8  Install  the  dynamic  test  cylinder  in  a  dynamic  test  system  similar  to 
that  described  in  7.2. 1. 8. 
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7. 2. 2. 9  -Reduce  the  temperature  of  the  test  cylinder  to  -65°F  and  stabilize. 

7.2.2.10  Apply  3000  psi  continuous  pressure  and  initiate  4-inch  total  stroke 
cycling  at  30  cycles  per  minute.  Initiate  environmental  heating  and  effect  a 
temperature  rise  to  +27  5°F  within  one  hour  after  cycling  is  started.  Maintain 
+  275°F  temperature.  Complete  10, 000  dynamic  stroke  cycles. 

7. 2.2. 11  Leakage  shall  be  recorded  throughout  the  entire  test.  Leakage  in 
excess  of  100  drops  from  both  ends  of  the  test  cylinder  during  steps  7. 2. 2. 4, 
7.2.2. 5,  and  7.2.2. 10  shall  be  considered  a  failure. 

7.2.2.12  Steps  7.2.2. 1,  7. 2. 2. 2,  7.2.2.3S  7.2. 2.4,  7.2.2. 5,  7.2.  2.  6, 

7. 2.2.7,  7. 2. 2. 8,  7. 2. 2.9,  7.2.2.10,  and7.2.2.11  shall  all  be  repeated  4 
additional  times. 

7.2.3  Unused  MS28774  backup  rings  shall  be  installed  prior  to  each  10,  000 
dynamic  stroke  cycles  conducted  in  the  dynamic  cycling  tests. 

7.3  During  both  static  and  dynamic  air-aging  tests,  the  side  of  the  O-ring 
exposed  to  air  during  the  initial  aging  cycle  shall  remain  exposed  to  air  during  all 
cycling  tests  and  subsequent  aging  cycles. 
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APPENDIX  II  -  DESCRIPTION  OF  EXPERIMENTAL  COMPOUNDS 


A  qualitative  and  quantitative  description  of  experimental  compounds  developed 
during  the  reporting  period,  including  their  cure  schedules  and  physical  properties, 
is  given  in  Tables  I  through  LXXXVI  on  the  following  pages. 
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TABLE  I  -  INGREDIENTS  AND  CURE  SCHEDULES  OF  FLUOROELASTOMERIC  COMPOUNDS  AND  BLENDS 
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TABLE  II  -  PROPERTIES  OF  FLUOROELASTOMERIC  COMPOUNDS  AND  BLENDS 
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TABLE  IH  -  INGREDIENTS  AND  CURE  SCHEDULES  OF  FLUOROELASTOMERIC  COMPOUNDS  AND  BLENDS 
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**  Test  could  not  be  made  because  properties  of  specimen  were  deficient. 

*  Test  could  not  be  completed  -  specimen  failed  at  clamp  when  installed  in  apparatus. 
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TABLE  VI  -  PROPERTIES  OF  FLUOROELASTOMERIC  COMPOUNDS 
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*  Test  could  not  be  completed  -  specimen  failed  at  clamp  when  installed  in  apparatus. 
**  Test  could  not  be  made  because  properties  of  specimens  were  deficient 
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Tests  could  not  be  made  because  properties  were  deficient. 
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TABLE  XI-  INGREDIENTS  AND  CURE  SCHEDULES  OF  FLUOROELASTOMERIC  COMPOUNDS  AND  BLENDS 
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TABLE  XII-  PROPERTIES  OF  FLUOROELASTOMERIC  COMPOUNDS  AND  BLENDS 
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*  Test  could  not  be  completed  -  specimen  failed  at  clamp  when  installed  in  apparatus. 
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*  Test  could  not  be  completed  -  specimen  failed  at  clamp  when  installed  in  apparatus 
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TABLE  XVI -PROPERTIES  OF  FLUOROELASTOMERIC  COMPOUNDS  AND  BLENDS 
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*  Test  could  not  be  completed  -  specimen  failed  at  clamp  when  installed  in  apparatus. 
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TABLE  XVm  -  PROPERTIES  OF  FLUOROELASTOMERIC  COMPOUNDS  AND  BLENDS 
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*  Test  could  not  be  completed  -  specimen  failed  at  clamp  when  installed  in  apparatus. 


tabu:  XIX  -  ingredients  and  cure  schedules  of  fluoroelastomeric  compounds  and  blends 
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TABLE  XX  -  PROPERTIES  OF  FLUOROELASTOMERIC  COMPOUNDS  AND  BLENDS 
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TABLE  XXI  -  INGREDIENTS  AND  CURE  SCHEDULES  OF  FLUOROELASTOMERIC  COMPOUNDS  AND  BLENDS 
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TABLE  XXII  -  PROPERTIES  OF  FLUOROELASTOMERIC  COMPOUNDS  AND  BLENDS 
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*  Test  could  not  be  completed  -  specimen  failed  at  clamp  when  installed  in  apparatus. 
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Test  could  not  be  made  because  properties  of  specimen  were  deficient. 


25 

D 

O 

a. 


S 


o 

o 


« 

Q 

kH 

8 

O 

05 

O 

3 

8 

O 

a< 

w 


Oh 

O 


CO 

w 

►J 

D 

O 

W 

o 

8 

w 


3 

D 

U 

Q 

5 


B 

8 


W 


Q 

3 

O 

5 


i 


a 


w 

8 


cm 

i 


8 


tS 


o  O  O  CO  ©  o 


o 

o 


®  H  1/J  p|  rl 

Ui 


LO 

CM 


o  o 
co  co 


\ 

g 

•*  b 

H}»  O 

cm  co 


co 

CM 


8 

Si 


o  o 
•  • 
O  O 
O  lO 


O  CD  O  O 
•  •  •  • 
H  O  H  H 


LO 

i  • 
I  © 


lO 

co 

• 

0> 

LO 


o  o 

CO  CO 


CM 

CM 

I 


8 


s 


o 

o 


o  O  CO  O  O  O  O 
®  H  U5  rl  H  CM  CO 


CO 

• 

co 

co 


o  o 

CO  CO 


\ 

£  0c 

*h> 

Tt<  © 
CM  CO 


!*! 

Si 


OOOCOOOOO 

o'  s'  H  w'  ^  «  <  I 

iH 


CO 

co 

CO 


co  co 


<u 


©  •* 
*  s 


2 


fl)  ~ 

4->  O 


<D 


S’0 

*N 

>><5tfcQaw«,g.'g 

BaiNMsHHSftH 


a> 

(h 

3 

O 


CO 

CO 

a> 

tH 


Ph 


2 

3 

O 

§ 

> 

o 


a) 

TJ 

8 

O 

£ 


\ 


90 


CM 

I 


a 


gg 

-—v  lO  *rj 

—  *n  t£) 

oo  m  T 

69 

cm  n  | 

69  ^ 

oo 

+  1 

co  c—  oo  i—i 

CD  OO  O  1 

1  o 

co  co  o 

00 

05  CM  O  CO 

c-  in  on  i 

1  1-t 

00  H  00 

C-  CM  CO  1 

co 

+ 

in 

CO 

CM 

\k 


6£  O 

tj<  t>  os  cq  CO 
CO  00  ©  CM 
M>N  I 


£Tm  'f  oq  fee 

+  I  '-o  +  CO 
w  . 
Ill  IOOHO 
CO  00  CM  O  H 
O  CO  + 


CD  05  A  CM 
1-H  ^  I  l» 

+  +  Z-  + 

O  CO  O  00 
00  r-t  CO  CM 
05  CO  M* 


CM 

CM 

£ 


6*  £ 
05  CO  t>  O  -M* 

oo  r-t  in  05  co 

CM  05  I 
CM 


oo  c- 


CD  [ft  05 

oo 


— 6^' 

1-4  cm  o  in  05 

00  C-  CM  O  + 

1/3  H  in 


•«-*N»vO  .*■“•«* 

—  00  £  M< 

cm  m  ^ 


i 


i 


05  iH 


CO  t- 
CO  Tj< 
O  H  00 


CM 


eP  ^ 

■M'COC-OSC- 
00  05  rH  05  CM 
co  m  in  i 

CM 


—  CO  S  CO  „ 
oq  CM  ,  cofeP 
+  I  X  1 

CO  CM  t>  Tt<  00 
00  CO  CM  C-  + 
O  CM  05 
CM 


CO  1 
CM  LO 


in  cm 

+  I 


05  O  CO  t- 
OOOOljUC 
O  CM  O 
CM  1-1 


to 


to 

0) 

•r^ 

t: 

CD, 

§•' 

'H 

ft 

13 


o 


CO 

CO 

0) 

•s 

53 

X2 


C 0 

a 


I 

a 

a> 

u 


m 

& 


(0 

CD 


:s 

»H 

ri 

u 

■u 

V 
Ch 

V 


2  g 

4J  fl  4J  3 

«  .2  ®  Ci 
m  tJ  ®  ft 


v 

Ch 

o 

X3 

GO 


CD 

'3» 


rt  ,3  <D 


in 

t> 

CM 

s 

CO 

(H 

,d 

CO 

05 

% 

3* 


CO 

a 


a  I 


8 

o 

JS 

CO 


to  00 

d  co 

■Sag 

1  CO  O  00 

l  *H 

!  v  *5  « 


<u 

CO 

§ 

•IH 

oo 

CO 

CD 

el 

81 

o 

u 


91 


I 


70  hrs/275°F  83%  58%  75%  67% 


TABLE  XXXV  -  INGREDIENTS  AND  CURE  SCHEDULES  OF  EPICHLOROHYDRIN  COMPOUNDS 


oo 

IN 

si 


o  o  m 
«  •  < 
o  in  t- 
©  <N  eo 


©  ©  o  © 

I  •  •  •  # 

i  in  r-t  in  eg 


© 

t- 


©  © 
eo  eo 


S  h 
*  b 


in 

<N  IN 


IN 

si 


© 

©* 

© 


©  ©  ©  ©  © 
•  •  •  •  • 
m  m  h  in  n 

t- 


© 

oo 

00 


I 

s  b 


o  © 
co  eo 


■«  8 
© 
eg  oo 


© 

eg 


K 


> 

\ 

o 

• 

©  ©  ©  © 

1  •  •  •  • 

© 

£  h 

&  1 

1  ©  »— i  ©  eg 

00 

B  & 

43 

c— 

00 

©  © 

^  © 

•S 

rH 

;*o  oo 

<N  CO 

© 

eg 

ti 

2 


o  o 
•  • 
©  © 
©  © 


i  'i 
i  i  m 


©  o  © 


© 


© 

00 

© 


CO  CO 


£ 

*  s> 

Tj*  © 

eg  oo 


2 

O 

o 

8 

2  *  j*  jx 

al  —  9*4  O  O 

.S  ja  >o  ^  ©  ©  t> 

V 

u 

3 

O 

£ 

m 

T3 

Hydi 
SAF 
FEF 
HAF 
PRD 
NBC 
TP  9 
PND 

VI 

00 

V 

b 

A 

8 

8 

w 

92 


TABLE  XXXVI  -  PROPERTIES  OF  EPICHLOROHYDRIM  COMPOUNDS 


oo 

IN 

UJ 


NlflffflH 
00  00  rH 

tO  N  O  I 
IN  r-l 


g!5g 

_ — ,  O  _j  o 

t-  eo  7  (N  ^ 

ifl'tt'Ot' 

t-  t—  I— I  i— I  + 
00  N  X 


H  t>  7 

I  I  -4 


rH  00  lO  00 
00  00  H  H 
^  N  N 

N  i— I 


6s? 

CO 

LA 


(N 

U 


©  (N  COC¬ 
OS  LA  CO  00  * 
l— I  rH  00 
IN  r-l 


M  H  n 

r-i  n  i  in 

SlrtOOtO 

oo  to  n  to  + 

CD  r-l  it 


in  5  <M  « 

+  I  •  I 


rs 


LA  CD  eo  CD 

os  c-  o  o- 

t>  rl  tr 


eP 

o 

LA 


CD 

<N 


Ep 

1-1  00  t-  IN 
OS  tN  00  IN  * 
C—  rH  tJi 


05  »0  _ 

LA  <N  +  (N  ge 

CD  LA  O  r-l  cp 

00  rl  LA  CO  T 

00  1-1  o 


-  co  2 

IN  1-1  7  OS 

CO  rH  C-  O 
OS  LA  rH  OS 
T}<  rH  IN 


eP 

OS 

co 


LA 

<N 

I 


e^e£ 
3  co 


we  ^ 

+  +  w  + 

'-'WEP 

eP 

Nt-WNN 

lAlANHt- 

r}i  T}i  O  (N 

LA 

00  H  OS  OS  ^i 

C-NO-IA  + 

00  CO  IA  LA 

rH  rH  00  | 

cC  N  t- 

CO  IN  OS 

IN 

<N 

<N 

u 

o 

LA 

t> 

N 

N 

a 

x 

00 

<0 


*8, 

brt 


to 

a 

•* 

EP 

o 

o 


S6 


.  a 

to  o 

<  O  ?  »  4) 

o>a 

g  3  8  3 

3  Q)  ^  4)  _ 

wHWH> 


B 

3 

o 


tA 

e- 

<N 

\ 

a 

X 

CO 

OS 

-o 

a>, 

9 

2 


in 

a 


to 

a 


© 

o 


& 

< 

<0 

Vi 

0 

x 

CO 


•*  n 

to  00 

S  8 

(i  H  h 

■M  0  -M 

09  0  to 

O  ?  » 

5S  g,  a 

3g3 

0)  -H  « 

HUH 


a) 

co 


tn 

to 

2 

I1 

o 

O 


u 

e 

LA 

C- 

(N 

N 

OQ 

Vi 

XI 

o 

E- 


93 


*  Test  could  not  be  completed  -  specimen  failed  at  clamp  when  installed  in  apparatus. 
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Test  could  not  be  made  because  properties  of  specimen  were  deficient. 
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Tests  could  not  be  made  because  properties  of  specimens  were  deficient. 
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**  Tests  could  not  be  made  because  properties  of  specimens  were  deficient. 

*  Test  could  not  be  completed  -  specimen  failed  at  clamp  when  installed  in  apparatus 
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*  Test  could  not  be  completed  -  specimen  failed  at  clamp  when  installed  in  apparatus. 


TABLE  LXVn  -  INGREDIENTS  AND  CURE  SCHEDULES  OF  BUTADIENE- ACRYLONITRILE  COMPOUNDS 


0  0.00 


OlOrlO 

o  w 


so  n  n  o 
ii  ..... 
i  i  uinoON 


CD 

.3 

• 

g 

0 

CO 

O 

c- 

o 

05 

<N 

05 

05 

O 

o 

o 

O 

o 

o 

CO 

05 

o 

CO 

a 

• 

• 

• 

•  1  1 

1  1  • 

i  . 

• 

• 

• 

• 

g 

0 

o 

m 

H 

O  I  | 

i  i  in 

1  05 

o 

o 

CM 

CD 

O 

o 

ID 

rH 

O 

05 

1— 1 

rH 

CM 

05 

05 

ooo  mm  o  «  n  o 
...ii  «.ii  .... 
IflHlO  I  I  N  N  I  icooooa 


CO 

m 

g  0 

rH 

w  O 

rH 

O  05 

05 

05  05 

o 

o 

© 

o 

o 

in 

m 

05 

o 

o 

05 

§ 

'2 

• 

. 

• 

• 

I  • 

• 

•  1 

1  1  . 

• 

• 

• 

g  o 

o 

in 

rH 

in 

1  05 

CM 

CM  1 

1  1  O 

CM 

N 

05 

^  O 

© 

t- 

rH 

rH 

rH 

O  05 

rH 

rH 

05 

05  05 

o  o  o  o  o  o  o 

I . 

i  o  in  r-i  o  m  co  m 
o  m  <N  <M 


noo 

i  i  i  i  ... 
I  I  I  I  O  IN  (M 


05 

.a 

• 

g 

0 

05 

O 

rH 

o 

05 

05 

05 

05 

O 

ac 

I  73 
00  ^ 


^  5*  &H  O  e*  ft  £  P 

2  5  saSaQ«5“-t’s,u 

s js Tj  ® i 


/ 


rP  ^ 
O''  o 

t>  05  O  O  CD 

Tf  a  o  n 
c~.  m  cm  i 


n  a  o  h  to 

CD  rf  00  50  Tfi 

eo  in  h  i 


Ooit'Bt- 
co  n  os  ^  <m 

CM  <M  CO  I 


eP  ^ 

to  n  oo  ^  o 
t-  t>  -M<  CO  Tt* 

^  nn  i 


eP 

■^<N. 
t>  CM  O  CO  rH 

o  oo  05  o<  eo 

eo  co  r-t  + 


6§  H  ^S. 

r}<  I  CD  fe5? 

oo  w  m  o  in 

'f  c-  oi  co  n 

CD  co  r-t  + 


SsS 

5  B§ 

^°. 
n  oo  o  in  d 

^NPlOOif 

mujH  + 


S  5  x°  ^ 

NOOif  f 
co  o)  n  n  n 

00  OO  CM  + 


— -eo  Tf  f-  , 
eo  eo  i  -e<  { 


»-h  w 

CD  *"  oo 
m  i  (M 

t~  N  O  l> 
05  O  C~  CO 
H  N  t> 


oo 

H  H 
rH  IfJ 

oo  co  o  eo 

t>  00  ©  rH 
rH  -0<  in 


~&Sge 

%> 

05  rH 
rH  *  CM 

in  hi  o  co 
05  t~  05  f 

H<  H  O 


_  g5  (M  if 
Ineg  <M  M 

rH  CM  I 

+  +  'r'  + 

rH  t-  O  CM 
05  05  t>  m 
t>  CM  00 


^e*»  £ 


e* 

1  1  .  0  +  t> 

'-'fcR  — '  . 

iirgei 

e£ 

00  00  O  05  O 

in  CO  O  CM  05 

CM  O  c-  05 

co  eo  0  eo  in 

CO  CM  rH  in  rH 

os  in  co  00 

CD 

rH  CO  CM  1 

O  CM  CO  + 

CM  rH  00 

rH 

rH 

. 

'H 

•rt 

•H 

(0 

a 

C0  r 

If 

•E  | 
fl  £ 

Hr  CO 

<  4) 
m  S 

s  8 

£  <D  , 

w  H 


-4-» 

-  g 

CO  u 

CO  fl) 

g  S 
fi  H  3 
.2  » t3 

a 

§  S  6 

r3  CD  « 

W  H  H 


%  (D  *!  <D  (D 

® «  Sjfl  e 

S  §  §  3-2 

<d  3S  «  o 

bHWH> 


>.  <«  r  •  l 

2  Sfi  «* 

*  1 1  s 

CO  C  <U  CD 

05  a  £  a  £ 

T3  -C  CO  0  CD 

S)  <  <D  +S  ® 

<  «  *  S* 

■  l  n  m  tn 


*  © 

CO  W 


<  »aaa 

i  S  §  §  § 

•S  S3  CD  3h  ® 
<3  m  H  U  H 


§ 

•3  s 

*  K 

©  \ 

J*  « 

&  ‘H 

S  J2 

0  O 


125 


TABLE  LXIX  -  INGREDIENTS  AND  CURE  SCHEDULES  OF  BUTADIENE  ACRYLONITRILE  COMPOUNDS 


■g* 

c- 

i 


OOOOOCOCOO 


©  m 
o 


O  CO 
in 


•  i 

<N)  | 


o 

in 


CO 

CD 

O 

<N 


O  CO 

co  co 


CO 


i 


OOOOOCOCOO 


o  m 
o 


o  co 

ID 


eg 


© 

.  i 

in  i 

rl 


CO 

CO* 

eg 


N. 


o  co 
co  co 


eg 

i 

£ 


oooooeoco© 


o 

o 


in 


O  CO 

in 


eg 


o 

in 


co 

CO 

t- 

eg 


o  co 
co  co 


c- 

I 


ooooococoo 


o 

o 


in 


o  co 
m 


eg 


o 


in 


co 

CD 

t- 

cg 


o  co 
co  co 


I 


i 


cn 

co 

i 

Z 

P§ 


ooooococooo 


o  in  ri  o  co 
o  in 


i  i 


eg  m  i  i 


co 

• 

CD 

C- 

eg 


O  CO 

co  co 


00 

CO 


OOOOOCOCOO 

o  in  h  o’  co  *  *  eg*  i 
o  m 


i  i 


i  i 

in  i  i 


co 

cd 

r- 

eg 


o  co 
co  co 


o 

00 

1 

00 

U  * 

o  ° 

2  2 

a  -5 

A  N 


s  >* 


V 

Q  u  3  S 


I— I 
LTD 

Q  §  s  ^ 

.sS-s 

S  n  o 

a  3  Z  -9  W 
2  M  ^  .a  _ 

>»Jd  -M  0 


fill s sfsis 

2  ™  S  .2  to  n  43  ,3  q  <o 
mSHwCP<tdHft^K« 


CT!  O 

§s 

CO  CO 
I  I 

O  U 
Q  Q 

T3  TJ 

o  O 
43  43 
o  o 


<u 


CO 

CO 

Pc 


4) 

3 

3 

3 

3 

V 


3 

■a 

§ 

o 

3 

W 


126 


TABLE  LXX  -  PROPERTIES  OF  BUTADIENE-ACRYLONITRILE  COMPOUNDS 


I, 


M<  rH  l>  eO  CM 
to  oi  o  n  h 
00  N  H  I 


H  tOOO 
N  N  00  H  0 
i  i  i  I  Bf« 
- 

eo  05  own 
f  n  tp  n  n 

CO  M*  rH  + 


05  2r  oo  oo 

i+  >Li- 

CO  00  O  O) 

oo  q>  co  oo 
O  rH  t > 


00 


M  JJ  t-  H  tf 
C-  rH  05  tO  CO 
IN  00  CM  I 


N  tf  O  N 
CMMiCMCM- 
I  I  I  I  B^ 

- 

H  ri  h  ^  O 
ifl  t»  H  O  M 
CO  CO  CM  + 


to  Bpc  eo 

h  t»  co  n 

+  +  i  + 

05  (N  O  05 
00  ©  00  (N 
M  H  H 


B§ 

05 

to 


CM 

t> 


BR 

o  oo  co  o  co 

00  CM  rH  CM  CO 
H  CO  CO  I 


00  CM  CO  CO 

i—(  CO  i— t  i— I  Q 

I  i  i  i  B^ 

W'"e£  WC5. 

CM  Mi  CO  05  05 

to  CO  C-  O  CM 

t>  CM  CM  + 


, _ , 

rH  M<  05  CO 
rH  CM  rH I  rH 

+  +  I  + 


H  CD  CO  00 
05  05  LO  CO 
CO  CM  00 


B« 

rH 

00 


B? 

c-  05  m  05  cm 
CO  CM  M*  05  M* 
CO  Mi  H  I 


^B£e£bS 

O  CO  05  00 
rH  CM  CM  rH  0 

'  I  I  + 

'00 


C-  CM  O  in  CD 

in  CM  rH  CO  CM 

©  CO  CM  + 


CO  CO  00  rH 
CM  CM  CO  CO 
+  +  I  + 

- 

o  co  in  c- 

05  rf  t-  CM 
CD  CM  00 


in 

c- 


05 

CD 


in  eo  co  in  oo 

00  C-  rH  00  CO 
00  CO  CM  I 


CO  to  CO  rH 

CM  CO  CM  rH  Q 

CM  Mi  O  CM  05 

co  in  mi  in  cm 

LO  CM  CM  + 


-^B^  BR  cm 

CO  05  to  rH 
H  M*  CO  Cl 

+  +  I  + 


oo  w  6  05 
05  o  o  oo 

CO  CM  00 


M< 

oo 


O'-  o 

CM  O  N  CD  CO 
CO  CM  o  Ml  CO 
C5  CO  rH  I 


O  C-  C-  M* 
Miineoin^c 
i  I  I  I  B< 

CM  to  o  CO  CO 
co  05  oo  co  eo 
co  eo  + 


cm  m  eo  oo 

rH  IN  rH  r-H 

+  +  I  + 

Ml  co  c-  o 
t-  in  CM  rH 
rH  in  M< 


00 

00 


in 

c— 

CM 

\ 

CO 

In 

JS 

oo 

to 

rH 

T3 

0) 

9 


X 

X 

a 

a 

&H 

•rt 

CO 

b£ 

0 

in 

•H 

CO 

B? 

a 

© 

o 

o 

CM 

a 

o 

o 

X  « 

rH 

\ 

X  « 

rH 

X  X 

X 

X  X 

gS 

x"  ® 

U 

jr 

%% 

M 

X 

-g  e 

X  ®P 

-3  d 

X 

C  © 

©  s 

CO 

© 

S  £ 

h  g 

c  -p  n 

05 

S  In 

_  (H 

g  *j 

<  o  « 

©3  g 


V 

©_, 

bd 

< 

u 


Pi 


CO 

0) 

:d 

CO  r 

c  £ 
©  J: 
H  t 


% 

§ 

•H 

W 

CO 

£ 

I* 

o 

o 


o 

m 

c- 

CM 

s 

CO 

u 

X 

o 

c— 


127 
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*  Test  could  not  be  completed  -  specimen  failed  at  clamp  when  installed  in  apparatus. 
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could  not  be  made  because  properties  of  specimen  were  deficient. 


TABLE  LXXV  -  INGREDIENTS  AND  CURE  SCHEDULES  OF  PROPYLENE  OXIDE  RUBBER  COMPOUNDS  AND  BLENDS 
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Tests  could  not  be  made  because  properties  of  specimens  were  deficient. 

Test  could  not  be  completed  -  specimen  failed  at  clamp  when  installed  in  apparatus. 


TABLE  LXXVD  -  INGREDIENTS  AND  CURE  SCHEDULES  OF  POLYURETHANE  COMPOUNDS  AND  BLENDS 
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*  Not  conducted 


TABLE  LXXIX  -  INGREDIENTS  AND  CURE  SCHEDULES  OF  POLYURETHANE  COMPOUNDS  AND  BLENDS 
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Secondary  oven  cure  —  —  4  hrs/  4  hrs/ 
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TABLE  LXXXI  -  INGREDIENTS  AND  CURE  SCHEDULES  OF  CHLOROSULFONATED  POLYETHYLENE 

COMPOUNDS  AND  BLENDS 
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Test  could  not  be  made  because  properties  of  specimen  were  deficient, 


TABLE  LXXXffl  -  INGREDIENTS  AND  CURE  SCHEDULES  OF  VINYL  PYRIDINE  COMPOUNDS  AND  BLENDS 
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TABLE  LXXXIV  -  PROPERTIES  OF  VINYL  PYRIDINE  COMPOUNDS  AND  BLENDS 
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Test  could  not  be  made  because  properties  of  specimens  were  deficient. 


INGREDIENTS  AND  CURE  SCHEDULES  OF  MISCELLANEOUS  COMPOUNDS 
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Secondary  oven  cure 


TABLE  LXXXVI  -  PHYSICAL  PROPERTIES  OF  MISCELLANEOUS  COMPOUNDS 
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Tests  could  not  be  made  because  properties  of  specimens  were  deficient. 
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